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ABSTRACT 
This study presents a method for analyzing characteristic harmonic 
current propagation into an AC system due to an AC/DC conversion. 
Frequency dependent models of AC network elements have been developed 
for the appropriate range of frequencies. These models are then 
assembled into a modified bus impedance matrix for analysis. The 
current flow on all elements and voltage at all busses are determined 
for the characteristic harmonic frequencies up to 2.4 KHz resulting 
from the conversion action. 
The methodology was then applied to two different systems and the 
responses of individual elements and the system as a whole were observed. 
The harmonic current flows in the system appear to be related to certain 
characteristics of the system and its elements. Input impedances at 
harmonic frequencies, the magnitude of shunt capacitances on trans­
mission lines, the size and location of the converters, and the 
representation of system loads are found to be factors in determining 
the magnitude of harmonic current flows in system elements. 
1 
I. INTRODUCTION 
A. Preamble 
The demand for electric energy is continuously growing in this 
country. As this demand increases, so do the efforts to deliver that 
power in the most economical and trouble free manner possible. Power 
systems which are geographically separated by large distances are being 
interconnected, and generators are being located at sites more remote to 
the major load centers. In many cases the end result is the need for 
long transmission lines. As transmission lengths increase and more 
systems are tied together, some of the inherent problems of AC power 
transmission are being increasingly felt. 
Recently much attention has been given to the use of DC transmission 
as a possible solution to some of the problems arising from long distance 
power transmission and interconnecting power systems. Some of the 
characteristics of DC transmission which help reduce stability problems. 
Increase reliability, and transmit bulk amounts of power are as 
1. Asynchronous operation. 
2. Control of tie-line power. 
3. No contribution to short-circuit current of AC system. 
4. Low short-circuit current on DC line. 
5. Each conductor can operate as an independent circuit. 
6. Greater power per conductor. 
7. Simple line construction. 
8. No charging current. 
follows 
1 
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9. No skin effect. 
The above mentioned favorable characteristics strongly indicate 
that DC transmission could play an important role in today's electric 
power systems. The role of DC, however, is not seen as one of competi­
tion with the AC system, but rather one which is complementary. AC and 
DC can be mixed in an optimal combination that would improve system 
performance and increase load capacity of transmission lines. 
With the increase in utilization of DC transmission, there are some 
shortcomings and problems that have been observed which require- close 
analysis. These disadvantages include the expense of the converters, the 
absence of a fully tested DC circuit breaker, the reactive power required 
by the converters, and the problems of harmonics which are generated by 
the conversion process at the terminals. The expense of the converters 
and the lack of a DC breaker are problems which will be overcome as the 
number of applications of DC transmission increase and the state of the 
art advances. Reactive power can be supplied by adding external 
elements, such as capacitor banks. However, the harmonics created from 
AC/DC conversion could cause problems on the AC network to which the DC 
link is connected. 
When high frequency voltages and currents are present on the AC 
2 power system, some of the major effects are summarized as follows : 
1. Capacitor bank overloading. 
2. Overvoltages in the system. 
3. Excessive currents in the system. 
4. Dielectric instability of insulated cables. 
3 
5. Torque disturbances and heating of synchronous machines. 
6. Errors in induction kilowatt-hour meters. 
7. Inductive interference with telecommunication systems. 
8. Instability of converter control. 
In most DC transmission, the converters are installed at high 
voltage busses. Therefore, the voltage at the converter busses would 
be maintained very near one per unit. However, the effect of harmonics 
on cables, generators, transformers, loads, and telecommunication 
systems represent very important and serious problems, 
B. Statement of the Problem 
Converters generate harmonics which propagate on both the AC and DC 
side of the terminal. The effect of these harmonics need not be 
restricted to the vicinity of the converter, but may appear at any point 
in the network. The magnitude of these harmonics is a function of the 
converter operating characteristics and the magnitude and configuration 
of the impedance of the external AC network. Each harmonic will see a 
different AC network and therefore, the effect of each harmonic on the 
system could vary significantly for each harmonic frequency. 
The filters which are presently being u.îd to decrease the magnitude 
of the harmonics entering the system are very sensitive and require 
frequent tuning. Even with filters, harmonics enter the network. If 
an AC line happens to be tuned to one of the harmonic frequencies, 
harmonic current of a magnitude many times that being injected 
by the converter may flow on the line. For these reasons. 
4 
harmonie propagation has become a subject of extreme interest in the 
power industry. 
C. Scope of the Work 
This dissertation is devoted to the study of harmonic propagation 
on the AC network due to AC/DC conversion at the terminals of a DC link. 
The work consists of four main parts: 
1. To develop models of the AC network elements at the harmonic 
frequencies generated. 
2. To determine the harmonic current flows and harmonic voltages 
in the AC network. 
3. To determine the input impedance at the converter for the 
harmonic frequencies present. 
4. To investigate the effects of loading and changes in the AC 
network on the input impedance and harmonic currents. 
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II. LITERATURE REVIEW 
Surveying the papers dealing with harmonics resulting from AC/DC 
conversion, very few publications are found prior to the middle 1950's. 
3 
In 1954 Calverly made a significant contribution to this field of 
study when he presented the first practical method of finding the 
magnitude of characteristic harmonic currents. He published graphs 
plotting harmonic current as a percentage of fundamental against overlap 
angle for various delay angles. These graphs are still in use today. 
In the late sixties and early seventies, more DC installations were 
being considered and a more detailed analysis of the converter action 
4 5 
was required. Phadke and Harlow and Reeve and Krishnayya presented 
their theories on noncharacteristic harmonics in an effort to 
explain unexpected waveshapes and faulty converter operation. Several 
people, including Bowles^ and Reeve and Baron^, studied the inter­
action between the generated harmonics and the AC system. In each of 
these publications, the AC system was represented by an equivalent T- or 
ir- section with an independent source. 
With the background provided by the above works and others, it has 
been possible to design static filters at all present installations to 
help control the amount of harmonic current entering the network. 
However, in the middle seventies, papers began appearing on new methods 
to diminish harmonic current flow into the AC network. Sasaki and 
g 
Machida presented a theory on eliminating the harmonic currents with 
magnetic flux compensation on the converter transformer. In 1976, 
6 
g 
Ametani published a paper which proposed injecting third harmonic 
current into the existing waveform to decrease the magnitude of the 
lower order harmonics. These new methods have not as of yet been 
commercially tested. 
Most of the publications to date on harmonics generated by AC/DC 
conversion have centered around two topics. The magnitude of the 
currents generated at the terminals and reducing the amount of harmonic 
current entering the network have been the prime concerns. Since under 
all practical conditions harmonics do enter the AC system, the potential 
hazards of overloading capacitor banks, interfering with telecommunica­
tion lines, and heating of generators, transformers, motors, and cables 
exist. In order to determine the impact of the generated harmonics on 
the AC system and its devices, it is necessary to determine the 
harmonics entering the device. Therefore, the next step is viewed as 
how to determine the magnitude of the harmonic currents in the network 
and where these currents would flow. 
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III. GENERATION OF HARMONICS 
A. Converter Action 
The heart of the AC/DC interconnection is the converter. In order 
for the converter to operate properly it must be supplied with constant 
balanced sinusoidal voltages. It is the zero crossing of these AC 
voltage waveforms which the controller uses to time the firing of the 
valves. In general, the valves are modeled as on-off, controlled 
rectifier devices. That is, they have infinite resistance when they are 
off and zero resistance when they are on. Also at each terminal there is 
a large smoothing reactor on the DC side of the converter. This reactor 
approaches one Henry in size and eliminates ripple in the DC current. 
Therefore, the AC side of the terminal supplies a constant balanced 
voltage, and the DC side acts as a constant current source. However, 
harmonics do exist in both the DC voltage and AC currents^ 
The conduction of the valves in a converter when there is no delay 
angle is determined by the AC voltages. A six pulse converter is shown 
in Figure 1 and will be referred to in the following discussion. Valve 
1 will conduct while e is larger than e, and e . With valve 1 con-
a be
ducting, the voltage e is imposed on the forward ends of valves 3 and 5. 
s 
As long as e^ is larger than and e^, valves 3 and 5 will not conduct. 
When e^ becomes larger than e^, valve 3 will start conducting. This 
imposes e^ on the forward ends of valves 1 and 5. Valve 1 then stops 
conducting. Valve 3 will now conduct until e^ becomes larger than e^, 
and so on. The same kind of operation is also taking place on the 
negative side of the AC sine waves with valves 2, 4, and 6. 
8 
Figure 1 illustrates converter action with zero delayed firing 
angle. Figure 1(b) shows a voltage profile of instantaneous AC phase 
voltages. , c is the instantaneous voltage from the neutral to the 
1 } J y ^  
forward ends of valves 1, 3, and 5; V„ , , is the voltage from the back 
end of valves 2, 4, and 6 to the neutral. The voltage is then equal 
to Vi 3 5 minus Vg ^ g. By delaying the firing angle, the voltages 
V, o c and V„ , , would not always be respectively the maximum and jHjD 
minimum of e^, e^, and e^. Therefore the average DC voltage will be 
decreased. 
One valve on top and one bottom valve in Figure 1(a) conduct at any 
one time. They conduct in the following sequence: 1-6, 1-2, 3-2, 3-4, 
5-4, 5-6, 1-6. Phase a is connected to valves 1 and 4. Phases b and c 
are connected to valves 3,6 and 5,2 respectively. No two valves connected 
to the same phase conduct at the same time. Therefore, as current flows 
through a valve, it also flows in the corresponding AC line. The AC 
line currents are, therefore, a series of step variations due to the 
on-off action of the valves. Line current i^ is shown in Figure 1(c). 
B. Network Harmonics and Magnitudes at the Terminals 
The current waveforms shown in Figure 2(a), (b), and (c) are the 
currents which enter the converter transformer. To analyze the effects 
of this waveform entering the network, it is necessary to break this 
periodic current wave into a fundamental sinusoidal component and 
harmonics of various orders. Because of the possible transformer 
connections, the problem takes on some degree of complexity since the 
harmonics will be a function of the transformer connections. 
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(a) Six pulse converter bridge 
(b) Voltage profiles, = V^ , ^ - Vg.A.S 
(c) Valve currents (heavy line shows ac line current i^) 
Figure 1. Model and waveforms of six pulse bridge 
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1. Star-star transformer 
If the converter transformer is connected in a star-star configura­
tion, the line currents on the network side, I^, will have the same shape 
as those currents on the valve side. Therefore they will have the same 
harmonics. Reference 10 presents a straight forward method of applying 
the Fourier series theory to this type of waveform. Assuming a 1:1 
transformer bank ratio and substituting 6 for lut, the current in Figure 
2(a) may be represented by 
A 00 
i^(0) = -^ + E (Aj^ cos he + sin h6) (la) 
h=l 
where, 
1 a+2Tr 
. Ab - ; J, 1A<«> (It) 
, CT+2TT 
Ajj = — i^(8) cos hS d0 (Ic) 
1 _cr+2n 
Bfa = - J 1^(8) sin h0 d0 (Id) 
O 
Choosing the 0=0 point for this analysis so that the current waveform 
has half wave symmetry and is an even function, the Fourier coefficients 
become 
A^ = 0 (le) 
A^ = 0 for even terms (If) 
TT 
2 n 2 
= — J 1^(0) cos h0 d0 for odd terms (Ig) 
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(a) Star-star, phase a 
(b) Star-star, phase b 
(c) Star-star, phase c 
(d) Star-delta, phase a 
(e) 12 pulse bridge, phase a 
Figure 2. Network side line currents of converter transformer 
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EL = 0 
h 
The current waveform for - ^  < 8 < ^  is 
i^(9) == 0 for "Y < G < -^ 
= Id for -%< 6 <2 
= 0 for ? < 0 < 5 
3 2 
Therefore, 
TT 
2 f 3 
Ah - ; ï ,, 'd hS 48 
= — I. (sin h? - sin -h?) 
TTh Û J J 
4 "3 
Solving for the various harmonies the coefficients become 
= 0 for h = triplets 
= for h = 1,7,13,... 
TTh 
= for h = 5,11,17,.,. 
TTh 
Then substituting tut for 0, 
2 /T 1 1 
i (twt) = —' Ij (cos ojt - — cos 5 tut + — cos 7 
A n d 5 7 
- cos 11 wt + cos 13 Wt ... ) 
13 
This analysis of the single bridge converter assumes a perfectly smooth 
DC current and no overlap angle. 
2, Star-delta transformer 
If the transformer is connected in a star on the valve side and 
each transformer has a 1;1 transformation ratio, then the currents 
shown in Figure 2(a), (b), and (c) will flow in the phases of the delta 
windings. The line current on the network side of the transformer will 
be the difference of two of the phase currents in the delta windings. 
As an example, 
lA - lb - Ic (3) 
i^, iy, and i^ are shown in Figure 2(d), (b), and (c) respectively. 
Figure 2(d) also shows the 90° phase shift associated with star-delta 
transformations. 
Doing the same type of Fourier analysis as that done in equations 
(la) through (Iq) and assuming a bank ratio of 1:1 rather than each 
transformer, it is easily shown that the i^ in equation (3) may be 
represented by 
2 /J 1 1 
i^(u)t) = — ij (cos tyt + J cos 5 mt - y cos 7 u)t 
1 X 
- YY cos 11 u)t + Yg COS 13 u)t I 
+ ^  cos 17 mC + cos 19 mt ... ) (4) 
The harmonics present and their magnitude are the same as in the star-
star case. However, some of the signs associated with the harmonics 
have changed, and this accounts for the difference in wave shape. 
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3. Twelve pulse converters 
A twelve pulse converter bridge consists of two six pulse bridges 
of equal capacity operating in parallel. One bridge will have a star-
star transformer connection, and the other bridge will have a star-delta 
connection. The line current on the network side of the transformers 
will be the sum of the currents shown in Figure 2(a) and (d). Assuming 
each transformer has a ratio of 1:1, the resulting waveform is shown in 
Figure 2(e). 
If the bank rather than each transformer has a ratio of 1:1, then 
the network side current of the twelve pulse converter is the sum of 
equations (2) and (4). To keep the power rating of the twelve pulse 
converter equal to a comparable six pulse converter, the DC voltage and 
AC current of each bridge composing the twelve pulse converter must be 
half those of the corresponding single bridge converter. Therefore, 
half the sum of equations (2) and (4) is 
2 /3~ 1 1 
i A ( u ) t )  =  — ^ ( c o s  w t  -  c o s  1 1  w t  +  c o s  1 3  c u t  
- ^  cos 23 U)t + •^ cos 25 ivt ...) (5) 
The harmonics present in the six pulse bridges but which do not appear 
in the twelve pulse converter line currents circulate between the two 
bridges. 
It is apparent that the harmonics which are present for any con­
verter are 
h = kp + 1 (6) 
where h is the harmonic order, p is the pulse number of the converter. 
15 
and k is an integer. The higher the pulse number, the higher is the 
order of the first harmonic present. However, the complexity involved in 
transformer connections and converter control make a converter with a 
pulse number higher than twelve impractical at this time, 
4. Overlap and delay angle 
In the analysis of harmonics so far, the valves have been considered 
on-off ideal devices with zero switching time. However, actual devices 
take a finite time for each valve to turn off and turn on. During this 
period three valves instead of two will be conducting. This period is 
called the overlap angle. Figure 3 shows six pulse bridges connected in 
star-star and star-delta with and without overlap angle considered. 
As seen in Figure 3 the wave shapes with overlap more closely 
approximate sine waves. Therefore, we can deduce that taking into 
account overlap angle reduces the magnitudes of the harmonics generated. 
Convenient expressions for the magnitude of harmonic current as a 
fraction of the direct current have been derived in references 1 and 11. 
The fraction is a function of the delay angles a, overlap angle u, and 
harmonic order h. 
h TTf 
TThD 
(7) 
where 
D = cos Of - cos (a + u) (8) 
16 
id 1 1 
-TT 
1 
0 
1 
TT 
wt 
(a) 
T 
id \ 
0 
( b )  
xn cut 
d 
(c )  
(a) Star-star with no overlap 
(b) Star-star with 15° overlap 
(c) Star-delta with no overlap 
(d) Star-delta with 15° overlap 
Figure 3. Comparison of six pulse line currents with and without overlap 
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"sin C(h-l) f fsin[(h + l)f] in . 
Çsin [(h-1) sin [(h + l) 
"il cos (2o/ + u) (9) 
Knowing operating conditions, and utilizing equation (7), the magnitude 
of the harmonic currents for any converter can be determined. Once the 
harmonics which are present and their magnitudes are known, the study of 
the propagation into and effect to the AC network can be initiated. 
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IV. METHODS OF APPROACH AND DEVELOPMENT OF MODELS 
A. Bus Impedance Matrix Approach 
When a three phase fault is applied to a network, one method to 
determine the effect on the system is to utilize the bus impedance 
matrix. Many algorithms are available to assemble network element 
impedances into the proper matrix. Once the matrix is formed, the three 
phase fault is represented by the addition of a voltage source equal but 
opposite in sign to the pre-fault voltage at the point of the fault. 
This results in the injection of a current equal to the fault current at 
the point of the fault. With this information the voltage at each bus 
due to the fault current and the fault current flowing in each element 
12 13 \ 
can be determined ' , ^ 
As discussed in Chapter III, the DC current acts as a constant 
current source under steady state conditions. Therefore, the harmonic 
currents entering the AC network can also be represented as constant 
current sources. If the impedances of the system can be modified so as 
to represent the AC network at the various harmonic frequencies, the 
same bus impedance matrix theory as described above could be used to 
determine harmonic voltages at each bus and harmonic currents flowing in 
each element. 
B. Development of Models for Network Elements 
1. Transformers 
A good model for determining resonance in a transformer would be 
one which represented every turn of the winding and included all turn to 
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turn Inductances and capacitances. Complete representation of every 
turn is not practical and cannot be justified. McNutt et al.^^ 
suggested a much simpler model by lumping of successive elements. This 
model is shown in Figure 4(a) and includes sections of leakage induc­
tances with inter-winding capacitances and capacitance to ground for 
each section. If a steady state AC signal is applied to the model in 
Figure 4(a), the capacitances connecting the sections could be separated 
into two parts. The point between the two hew capacitances would 
be at the same potential as the node opposite it in Figure 4(a). Making 
the proper combinations of parallel capacitances, the model becomes even 
simpler, as shown in Figure 4(b). 
Knowing the impedances shown in the model of figure 4(b), the 
resonant frequencies of the transformer can be calculated. Reference 14 
reports test results on resonances in transformers which have been 
recently observed in industry. Two empirically derived expressions for 
the lowest resonant frequencies of transformers are of interest. 
f (KHz) = 220 (MVA) (10) 
(KV) 
fCKH,) . 325 (MVA)':"' (11) 
(KV)*" 
Although derived separately, these equations are very similar. For a 
typical extra high voltage transformer, the first resonance would occur 
in a range from 7 KHz to 15 KHz. This is confirmed by field tests in 
reference 14. 
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Figure 4. Transformer model 
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From Chapter III, it is known that the magnitude of the fortieth 
harmonic is less than three percent of the magnitude of the fundamental. 
Since the fortieth harmonic is only 2.4 KHz, only the first resonance of 
a transformer is of interest in this analysis. The assumption of 
harmonics greater than the fortieth being insignificant in this analysis 
is later confirmed in the results. Therefore, one can derive the first 
resonance model shown in Figure 4(c) from the steady state sectionalized 
model shown in Figure 4(b). 
References 14 and 15 present data on input impedances versus 
frequency for several typical extra high voltage transformers. For the 
frequency range which is of interest, less than 3 KHz, the input 
impedance is a positively sloped linear relationship with frequency. 
Therefore, at frequencies of less than 3 KHz, the input impedance can be 
approximated by an ideal leakage inductance. 
To increase the accuracy of the transformer model a magnetization 
branch is added. The leakage inductance was separated into two equal 
parts, and the branch was added from the common point of the leakage 
inductances to ground. The branch consists of an ideal inductance in 
parallel with a frequency dependent resistance. The resistor represents 
hysteresis and eddy current losses. Reference 16 shows that the resis­
tance is inversely proportional to frequency for hysteresis losses, and 
inversely proportional to the square of the frequency for eddy current 
losses. Assuming that the transformers were constructed with silicon 
steel, the ratio of hysteresis to eddy current losses is approximately 
3/1. Therefore the resistance in the magnetization branch as a function 
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of harmonic order can be represented by 
•fund 
(12) 
where 
R fund 
= the core loss resistance at 60 Hz. 
Figure 4(d) shows the final transformer model at frequencies up to 3 KHz. 
2. Transmission lines 
Under normal steady state, 60 cycle analysis, transmission lines 
can be represented by either short, medium, or long line models. These 
models, however, are not adequate for use at frequencies greater than 
60 Hz. For this study, the modeling is initiated with known properties 
of transmission lines at 60 cycle operation. The model is then modified 
to incorporate characteristics of conductors at high frequency excita­
tion. This allows the appropriately modified 60 cycle model to accurately 
represent the transmission lines at the harmonic frequencies. 
The long transmission line model can be represented by the 
following set of equations 
2^ = sinh (13) 
(14) 
(15) 
= ^  tanh ^  U (16) 
where 
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Z = /z/y SÎ 
o 
Y = /zy mi 
Z = z& 0 
z = series impedance of the transmission line/mile 
y = shunt admittance of the transmission line/mile 
& = length of the transmission line in miles 
\ 13 
The values of Z^ and are related to Z by relating Z and Z^ 
Z, - 0 (17) 
For 60 cycle analysis the criteria for the use of the long line model is 
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a value of Hwhich is greater than 150 miles . In equation (14) and 
(16) every g, is multiplied by J. The value of the propagation constant 
is frequency dependent. 
Y = /zy (18) 
= /(R + juJL) (G + jtoC) ' (19) 
/ 2 ' -1 
= /rG + jWLG + juRC - w LC mi (20) 
The last term of equation (20) is the dominant term. If, for instance, 
Y can be approximated with the dominant term, then equation (20) 
becomes 
Y = j u LC (21) 
= h Ygo (22) 
where 
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YgQ = Y for the transmission line at 60 Hz 
h = harmonic order 
All the values of yH in equations (14) and (16) become hy^Q^" 
Therefore, the criteria of whether a line should be represented by the 
long line model in harmonic analysis is a value of h& which is greater 
than 150 miles. 
For a twelve pulse converter, the first harmonic has an order of 
eleven. The line length which would require long line analysis for this 
first harmonic would be 13.6 miles. This length becomes even less for 
higher order harmonics. For this reason it was decided that for this 
study, all transmission lines would be represented by the long line 
model. 
With the long line representation for transmission line, the series 
inductance and shunt capacitance may become tuned at a frequency which 
is close to one of the frequencies being generated by the converters. If 
this is the case, then the resistance of the line will play an important 
role in determining the magnitude of the current. This suggests that an 
accurate value of the line resistance for various frequencies is needed. 
As frequencies increase, the skin effect begins to dominate the 
resistance. Stevenson^^ presented a method of determining the AC 
resistance of a round conductor as a ratio to the DC resistance. 
^ _ mr ber(mr)bei^(mr) - bei(mr)ber^(mr (23) 
(24) 
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where 
R = DC resistance 
o 
r = radius of the conductor 
p = resistivity of conductor 
p = absolute magnetic permeability 
The functions ber, bei, be/, and bei' are real and imaginary bessel 
functions and their derivatives. The equation for mr may be simplified 
by recognizing that 
(25) 
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Johnson gives the magnetic permeability of a nonferrous conductor 
as the permeability of air. Equation (24) will reduce to 
mr = 0.0636/ f/R^ (26) 
Therefore the AC resistance in this study will be represented through 
equations (23) and (24) as a function of the DC resistance and frequency, 
i • 
The self inductance of a conductor is composed of two parts, the 
internal inductance and the external inductance. Since the internal 
inductance like the resistance is dependent on the current distribution 
in the conductor, skin effect also effects the inductance of the 
transmission line. From references 19 and 20, the self-inductance of a 
nonferrous conductor is given by 
L = + Lg (27) 
where is the inductance due to internal flux and is the inductance 
resulting from flux outside the conductor. The terms on the right side 
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of equation (27) are defined by Anderson for the case where the 
radius of the conductor is much less than the length of the line. 
« 
where 
p, = permeability of air 
-t, = length of the line 
Q,^  = ratio of internal AC inductance to internal DC inductance 
17 
The term is given by Stevenson as ! 
Of. 
_ ^ r ber(mr)ber 
L (ber 
^(mr) + bei(mr)bei^(mr) ~j 
'(mr))^ + (bei'(mr))^ J 
where 
L, = internal DC inductance 
io 
= internal AC inductance 
mr = as defined in equation (24) 
Therefore, substituting equations (28) and (29) into equation (27) one 
obtains 
Simplifying, 
L = 2 X 10 
2^ (in IT - l) H (31) 
 ^ + (l* IT " H (32) 
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But 
= In — (34) 
(0.779) ^  
Substituting equation (34) in equation (32), equation (32) can be written 
L = 2 X lO'^l I In — l\ H (35) 
\ (0.779)°'^r / ' 
Starting with equation (35) and deriving the positive sequence 
impedance of a transmission line as shown in reference 19, we obtain 
= r^  + j(jo2 X 10 ^  
(0.779) "J 
fi/mile (36) 
where 
r = line resistance to phase current 
a 
D = cube root of the product of the distances between all 
eq I 
conductors 
Since it was shown in Chapter III that no triplet harmonics are 
present and if one assumes complete transposition of the line and 
identical conductors and ground wires, the zero sequence impedance is 
not needed and the positive and negative sequence impedances are equal. 
Therefore only the positive sequence impedance need be considered for 
this analysis. 
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In determining the correct value for the positive sequence 
impedance of a transmission line for harmonic studies, it was assumed 
that all mutual inductances and external self-inductances were constant. 
Therefore, when considering bundled conductors, one needs only to correct 
the values of resistance and internal self-inductance. Thus, 
the resistances and inductances which need to be corrected within a 
bundle can be considered to be in parallel. That is, for a two conductor 
bundle the resistance and internal self-inductance of the entire bundle 
is half that of each conductor composing the bundle. Therefore, with 
bundled conductors, skin effect plays a smaller role in determining the 
total inductance. To illustrate this, calculations were made for a 
typical 345 KV line with 795 MCM ACSR conductor with 24 foot horizontal 
spacing between phases. The results are shown in Table 1. The 
inductance of the single conductor increases the fundamental value by a 
factor of 8.89, 19.59, and 38.99 for 540 Hz, 1200 Hz and 2400 Hz 
respectively. For the bundled conductor, the factors are 8.93, 19.73, 
and 39.31. The skin effect has less effect in the bundled case. 
Table 1. Comparison of total inductance for single and bundled 
conductors 
Frequency (Hz) 60 540 1200 2400 
Total inductance 
single conductor fi/mile 812 7.22 15.91 31.66 
Total inductance two 
conductor bundle n/mile 588 5.25 11.60 23.12 
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When dealing with cables, the proximity effect of nearby conducting 
material must be considered. However, if the resistance of the 
neighboring conductor is much less than the mutual inductance between 
it and the transmission line conductor, the nonlinear effect on the 
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positive sequence impedance is greatly diminished . Under this 
assumption the effect on resistance at high frequencies would be very 
small and the effect on reactance would be linear with frequency, 
3. Generators j 
When harmonic currents flow from the network into the stator 
windings of a generator, they create a flux rotating at a speed greater 
than the speed of the rotor. Therefore, the currents interact with both 
the direct and quadrature axis' inductances. This is very similar to 
the action of negative sequence currents in a synchronous machine. In .. 
references 19 and 21, the average inductances seen by negative sequence 
currents and harmonic currents can be approximated by 
L" + L" i 
h = 2 (37) 
where 
L'J = direct axis subtransient inductance 
• d 
= quadrature axis subtransient inductance 
This value is shown graphically in Figure 5. For harmonic analysis 
then, generators can be approximated as ideal inductors with the value 
of the negative sequence inductance. 
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4. Load modeling 
Loads are difficult to accurately represent; however, they can be 
22 
approximately modeled by making the proper assumptions. Hakim and Berg 
propose that parallel induction motors may be combined into an equivalent 
single machine for 60 cycle analysis. This representation was modified 
to more accurately model the motor with harmonic current being injected. 
The equivalent motor with modifications and a parallel shunt resistance 
was used to represent loading at a bus. All the reactive power was 
assumed to be consumed in the reactances of the machine. The rëal power 
was divided between the shunt resistor and the resistance of the 
equivalent motor. The division of the power was determined from a 
knowledge of the types of load present. In a report by the Department 
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of Water and Power, City of Los Angeles , one can observe the division 
of power in the following categories: residential, 50 percent resistive 
and 50 percent motor; commercial, 40 percent resistive and 60 percent 
motor; and industrial, 30 percent resistive and 70 percent motor. From 
these percentages and knowing the amount of power flowing into the load, 
the value of the shunt resistor, r^^ can be determined. 
An equivalent circuit of the equivalent induction motor is shown 
in Figure 6(a). With a 60 Hz source, the machine can be represented 
fairly accurately by the approximate equivalent circuit in Figure 6(b). 
To determine the value of r^, the hysteresis and eddy current losses 
are estimated to be three percent of the total motor power. Assuming 
the terminal voltage to be one per unit, the core losses are 
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\ = -03 03 P'"' (38) 
where 
= per unit power consumed by the equivalent motor. 
The resistance, r^, can then be found. 
= = P'"' (39) 
L m 
This value of resistance is frequency dependent and must be corrected in 
the same manner as the transformer's core loss resistance in equation 
(12) .  
As frequency increases, the slip of the machine increases causing 
r^ and — to become negligible compared to and Xg in Figure 6(a). 
Therefore, at higher frequencies Figure 6(c) can be used to represent 
the induction motor. 
To determine the values of the inductances of the proposed ; 
equivalent circuit, certain assumptions were made. From previous 
knowledge of induction motors, it is reasonable to choose and x^ to be 
approximately equal. Also x^ can be approximated to equal 35x^. At 
60 Hz, one can estimate the magnetizing current to be 30 percent of the 
total current entering the motor. It is also assumed that at 60 cycles, 
the current flowing in r^ is negligible compared to the currents flowing 
in x^ and x^ of Figure 6(a) and 6(c). Therefore, the reactive power 
consumed by the motor at 60 Hz is 
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Q. 
m .2 2 . . , ,.,2 
2=1 + (.31) + (.71) Xg (40a) 
= + (.31)2 35%^ + (.71)2 (40b) 
= (1 + 3.15 + .49) (40c) 
= 4.64 Xj^ (40d) 
where 
I = current entering motor 
= reactive power consumed by motor 
The values of I and are also related by 
VI = (p/ + (41) 
If V equals one per unit, then I becomes 
= ? (P_~ + Q_"l (42) 3 + "C)
Substituting equation (42) into equation (40d), one arrives at 
X, = (43) 
' 4-64 (p.: + 0^ 2) 
Since in Figure 6(c) x equals 35x , the parallel combination of these 
m i. 
two approximately equals x^. The final representation of loads is shown 
in Figure 6(d) with 60 cycle impedances defined in equation (39) and (43). 
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5. Other system elements 
All other elements such as line inductors and capacitor banks are 
assumed to be pure elements with constant inductance or capacitance. 
That is, they will vary directly or inversely with frequency depending 
on the element. 
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V. DEVELOPMENT OF A DIGITAL METHODOLOGY FOR HARMONIC PROPAGATION 
In order to analyze the harmonic propagation due to a particular 
converter action, the models developed in Chapter IV must be incorporated 
into an impedance bus matrix. The values of the impedances which compose 
each of these models must be determined from known 60 Hz data and 
corrected for each frequency studied. Therefore, the magnitudes and 
frequencies of the harmonic currents generated must also be calculated. 
A. Determination of the Harmonic Currents Generated 
Methods for determining the order and magnitude of harmonic currents 
entering the AC network due to the converter action were discussed in 
Chapter III. Normally the information which is available does not permit 
direct application of these equations. The power rating, operating 
voltage, delay angle, overlap angle, and pulse number are usually the 
only data which is easily obtained. Therefore in equation (7) values of 
h and I^  must be determined in order to calculate I^ . 
All practical applications of DC lines in operation today control 
the power flow by varying the terminal voltages. Therefore the lines 
are normally operated at rated current. The value of the current may 
be calculated from the rated power and voltage of the line. 
where 
Pgg = rated power of the DC line 
V„_ = total rated DC voltage from one pole of the line to the 
other pole. 
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The order of the harmonics present are determined from the pulse number 
by equation (6). 
The value of may now be determined. However, this value is in 
amps and must be converted to a per unit quantity. A base MVA of 100 MVA 
was chosen for this analysis. Also, the nominal operating voltages on 
the AC network were chosen to be one per unit. These two quantities 
set the value of the 60 cycle base current. This value was used as the 
base current for all harmonic currents. In order to determine the 60 
cycle base current on the converter side of the converter transformer, 
the AC voltage at the converter must be known. From reference 1 
where 
E = rms line to line voltage at the converter 
V, = ideal no load DC voltage 
do 
Also from reference 1 
where 
V, 
Vj = (cos ot + cos 5) V. (46) 
Vj = DC operating voltage for some a and 6 
6 = a + u 
If a and Ô in equation (46) are set to the values needed to get rated 
DC voltage, then 
V 
Vgg = (cos 06^ + cos I V. (47) 
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where 
= delay angle for rated DC voltage 
"Sr = ("r "*• 
p = pulse number 
For greatest efficiency is usually set to the highest possible value. 
In which case, would equal zero and 6^ would equal u. The overlap 
angle is a characteristic of the valves and may be considered constant. 
Making these substitutions and combining equations (47) and (45) 
p ^DC 3(1 + cos u) 
The value of E in equation (48) is the base AC voltage at the 
converter. Therefore, the value of in equation (7) can be expressed 
in per unit. 
S 
= ^h ^ p (^ fis u) (49b) 
where 
in per unit 
B = base MVA 
s 
Combining equations (7), (44), and (49b), the final value of in terms 
of known quantities is 
L p h D (1 + cos u)Bg 
38 
B. Incorporation of AC Element Models 
In Chapter IV the various models for representing elements of the 
AC network at harmonic frequencies were discussed. Normally, however, 
the network element data which is available is in the form of 60 cycle 
sequence impedances. Therefore, direct application of these models is 
not always possible. 
1. The transformer model 
For the transformer model, it is necessary to know the leakage 
inductance, magnetizing inductance, and core loss resistance. The 
reactances are all assumed to be ideal and vary linearly with 
frequency. If the magnetizing reactance and core loss resistance are 
not known at 60 Hz, they can be approximated. For a high voltage 
transformer, three percent of full load current is a good approximation 
of magnetization current^^. Therefore, knowing the MVA rating of the 
transformer and assuming one per unit voltage across the magnetizing 
reactance, this reactance can be estimated. Similarly the core losses 
can be assumed to be one half of one percent of the transformer 
rating^^. Again assuming one per unit voltage, the core loss 
resistance can be approximated. 
The per unit leakage reactance is divided evenly between the high 
and low voltage sides of the transformer. The magnetizing reactance is 
placed between the common node of the leakage reactances and ground. 
Frequency correction for the core loss resistance is made in equation 
(12). The resistance is then combined in parallel with the magnetizing 
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reactance. For a transformer connecting two nodes, three impedance 
links and one additional node are required for this transformer model. 
2. The transmission line model 
In this study a transmission line is represented by the long line 
model with impedances given in equations (13) and (14). The positive 
sequence impedances of a line are usually known at 60 Hz. Therefore, 
all that is needed to put this model in the program is to correct the 
impedances for the change in frequency. For the resistive portion of 
the impedance, equations (23) and (26) must be employed. However, this 
requires knowledge of the DC resistance of the line. The resistance at 
60 Hz is normally very close to the value of the DC resistance. The 
60 cycle resistance is substituted for and the resistance at 60 Hz 
is calculated from equations (23) and (26). The difference between the 
known 60 Hz resistance and the calculated value is found. Considering 
the magnitude of 60 Hz resistance for a typical transmission line, an 
error limit of .005 percent was chosen. If the error is greater than 
.005 percent, the value of the test is reduced by the amount of the 
error. The 60 Hz resistance is again calculated and tested. This 
process continues until an acceptable DC resistance is calculated. Then 
the resistance for the harmonic frequency is found using this calculated 
DC resistance. In equation (23) the Bessel functions are represented 
by power series consisting of ten terras each. 
With the DC resistance known, can be calculated directly from 
equation (30) for both the harmonic frequency and 60 Hz. The positive 
sequence reactance of a line can be determined with equation (36). The 
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internal reactance portion of the positive sequence reactance is 
I 
2 X 10 ^  In 0 (51) 
^ (0.779) L J 
The magnitude of the external inductance which is not effected by skin 
effect can now be determined. The value of for 60 Hz is substituted 
into equation (51) and the result is subtracted from the known positive 
sequence reactance. This then is the external reactance at 60 cycles. 
Substituting a for the harmonic frequency in equation (51) will give 
the internal reactance at that frequency. If the external reactance 
is adjusted linearly for frequency and summed to the new internal 
reactance, the positive sequence reactance for the harmonic frequency 
is obtained. 
The shunt admittance of a line is primarily a function of the 
geometry of the conductors. It may be assumed, therefore, that it is 
ideal and varies linearly with frequency. A transmission line 
connecting two nodes when modeled in this manner is represented by 
three impedance links. 
3. Loads, generators, and other elements 
The value of impedances needed to represent loads may be obtained 
from the known reactive and real power consumed at a bus. These 
impedances are given by equations (39) and (43) and shown in Figure 6(d) 
The appropriate frequency corrections must be made as discussed in 
Chapter IV.B.4. After these corrections, the impedances are combined 
into a single equivalent impedance and connected from the bus where 
the power is consumed to ground. 
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Generators and other reactive elements are assumed to be. ideal 
elements which vary linearly with frequency. The values of these 
reactances are discussed in Chapter IV.B. They are represented as 
single links between two nodes. 
C. Assembling the Impedance Matrix 
Several well-known algorithms are in use today to assemble an 
impedance matrix of a known system. In each of these algorithms, the 
system is assembled starting with a single line and adding one line at 
a time. The impedance matrix is modified for each additional line. If 
the new line is radial, the dimension of the matrix increases by one. 
If the new line connects two existing nodes, the appropriate driving 
point and transfer impedances are added to the matrix. The matrix is 
then Kron reduced and the resulting impedance matrix remains the same 
size as before the addition of the line. Therefore, the dimension of 
the impedance matrix is one less than the number of nodes. K. C. 
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Kruempel has developed a digital program which takes a system of 
impedances connecting nodes and builds the appropriate impedance 
matrix. 
Since the impedances of a power system change for each frequency, 
it is necessary for this study to assemble an impedance matrix for each 
harmonic frequency present. Each matrix will be the same size with an 
order equal to the number of busses plus the number of transformers in 
the system. The number of impedances to be added will equal 
"i ° + "lb + "OE (52) 
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where 
Nj = number of impedances 
N = number of transmission lines 
= number of transformers 
N = number of generators 
G 
= number of busses with loads 
LB 
N = number of other elements in system 
OE 
Each element in the system is modified for frequency and modeled 
in the appropriate manner. Each impedance of the model is then entered 
into the algorithm as an impedance between two nodes. 
D. Determination of the Harmonic Current Flows in Each Element 
The magnitudes of the harmonic currents generated and the 
impedance matrices for the various frequencies present are obtainable 
from system and converter data which is normally known. If the 
harmonics due to the converter action are the only quantities of 
interest, then the reference node for the impedance matrix will be at 
ground potential. Now the harmonic voltages at each node in the system 
may be calculated. If a converter were placed at node m of a n node 
system, the matrix equation for the harmonic voltages would be 
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where 
Vl 
V 
m 
« 
I 
V 
n 
Zii Zj_2 ' 
0 
Z . Z _ ... Z „ I. (53) 
ml mZ mn 
^nl \2 ^nn 
Z ^ =  d r i v i n g  p o i n t  i m p e d a n c e  a t  n o d e  i  
Z^j = transfer impedance 
= magnitude of harmonic current entering the system 
Vj, = harmonic voltage at node i 
Therefore the harmonic voltages are 
i^j = :im (54) 
where i is an integer from one to n. Since the impedance matrix and 
change for each frequency, the harmonic voltages will also vary. Filters 
present at the converter may decrease the amount of harmonic current 
entering the AC network. An option is available to decrease by some 
percentage to approximate the effect of these filters. 
Knowing the harmonic voltages at every node, it is possible to 
determine the harmonic current flow on any link. It will equal the 
voltage difference between the nodes which terminate the impedance link 
divided by the impedance of the line. 
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where 
v. - V 
I , = harmonic current flowing on link between nodes j and k jk 
Vj = harmonic voltage at node j 
= harmonic voltage at node k 
If there is more than one converter in the system, the harmonic 
current in each element is calculated for each converter separately. 
All the currents associated with a particular element are then summed 
vectorially. In order to obtain the proper phase angle for the currents, 
it is necessary to know which converters are operating as inverters and 
which are rectifiers. The difference in phase angle of the AC voltages 
at the converters must also be known. These data may be obtained from a 
load-flow of the system at fundamental frequency. 
A flow chart of the program is given in Figure 7. The actual 
program is given in Appendices A through E. 
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Figure 7. Flow chart of power system harmonic analysis program 
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VI. APPLICATION OF DEVELOPED METHODS 
A. Systems Studied 
Two systems were selected and studied utilizing the methods 
previously described. The first system contained 19 busses with 20 
transmission lines and six transformers. Five generating units connected 
at two busses were also included along with loads located at 11 busses. 
The data for system I is given in Tables 2 through 5. A one line diagram 
of system I is shown in Figure 8. A single six pulse, 1500 MW, +400KVDC 
converter was placed on system I. It was operated at a delay angle of 
15 degrees and an overlap angle of 20 degrees. 
System II was a larger network consisting of 92 busses. This 
system contained 96 transmission lines, 33 transformers, 25 generating 
units, and 24 other elements such as line inductors and phase shifters. 
Also modeled were loads totaling 8,192 MW and 4,541 MVAR connected at 
35 busses. Two identical converters were placed in system II. Each 
was a 12 pulse, 100 MW, +100 KVDC converter located at either end of a 
DC link. The converters on system II were operated with a 25 degree 
overlap angle and no delay angle. The AC voltages at the converters 
are 3.3 degrees out of phase. The total harmonic currents in the AC 
elements resulting from the harmonics generated at both terminals of the 
link were calculated for system II. 
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Table 2. Transmission line data for system I. 
Nodes Resistance 
(%)* 
Reactance 
(%) 
Shunt 
Admittance 
(%) 
Voltage 
Level 
(KV) 
Length 
in 
Miles 
Number of 
Subconductors 
1-2 .140 1.803 30.432 345 36.23 2 
1-3 .080 1.035 17.436 345 20.78 2 
1-4 .165 2.272 39.353 345 46.16 2 
1-6 .176 2.506 43.249 345 50.8 2 
4-5 .033 .411 7.204 345 8.41 2 
7-12 .919 7.319 2.000 138 18.54 
7-13 2.225 15.91 4.357 138 40.38 1 
7-24 1.831 7.369 1.806 138 17.77 1 
7-25 .294 1.806 .443 138 4.36 1 
7-25 .106 1.613 .437 138 4.07 1 
8-23 1.344 6.144 1.587 138 15.20 1 
8-24 .369 3.338 .944 138 8.60 1 
9-21 1.914 10.96 3.144 138 28.44 1 
9-23 .100 .894 .250 • 138 2.29 1 
10-13 4.763 17.76 4.475 138 43.41 1 
10-26 1.731 6.513 1.619 138 15.80 1 
11-23 4.781 17.95 4.456 138 43.57 1 
11-26 1.338 5.013 1.243 138 12.17 1 
12-24 .294 2.706 .731 138 6.82 1 
22-23 .494 7.338 2.075 138 18.89 1 
^All impedances are on a 100 MVA base. 
Table 3. Transformer data for system I 
Nodes Reactance 
(%)* 
MVA Rating Voltage Ratio 
(KV) 
Magnetizing Current 
(% of Full Load Current) 
Core Losses 
(% of Rated Power) 
1-21 2.312 400 345/138 3% .5% 
2-22 3.130 400 345/138 3% .5% 
3-23 2.200 600 345/138 3% .5% 
4-24 2.060 500 345/138 3% .5% 
5-25 3.110 400 345/138 3% .5% 
6-26 3.080 400 345/138 3% .5% 
^All impedances are on a 100 MVA base. 
Table 4. Generator data for system I 
Node Circuit No. Negative Sequence 
Generator Reactance 
(%)* 
Step Up Transformer 
Reactance 
(%)^ 
MVA Rating Voltage Level 
(KV) 
1 1 3.71 1.14 733 20 
1 2 4.08 1.18 705 18 
1 3 2.34 1.17 705 24 
7 1 9.82 7.70 106 13.8 
7 2 2.99^ 2.34 456^ 20 
^All impedances are on a 100 MVA base. 
^The impedance used in the program for a generator is the sum of the negative sequence 
generator impedance and the impedance of the step up transformer. 
^This value is an equivalent value for two units which are connected in a cross-compound 
arrangement. 
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Load data for system I 
KW KVAR Type of Load 
234 75 Industrial 
153 12 Residential 
348 84 Commercial 
177 24 Residential 
171 36 Commercial 
9 3 Commercial 
15 9 Industrial 
369 153 Industrial 
210 9 Residential 
399 126 Industrial 
78 6 Residential 
1® 
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Figure 8. One line diagram of system I 
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B. System I 
1. Harmonic current flow and analysis 
System I was first studied with the converter located at bus one. 
The system was analyzed both with and without loads being represented. 
It was observed that the four 345 KV lines connected directly to bus one 
carried the largest harmonic currents of all the lines in the system. 
However, the magnitude of the harmonic current flowing in each of these 
lines varied significantly as frequency changed. This is illustrated 
for the case without load representation in Table 6. Table 7 lists the 
harmonic currents for the same conditions on system I except that loads 
are represented. 
It is necessary to briefly explain the values listed in Tables 6 
and 7. Since the actual transmission line has distributed capacitance 
along the entire length of the line, the harmonic current can vary 
significantly depending on where the current is being observed. Using 
the long line model to represent the transmission lines, currents at 
three locations are available from the program. On the model, the 
current flowing in the link connecting the terminals of the transmission 
line can be related to the actual current flowing at the midpoint of the 
line. The current flowing on the series link of the model is found by 
V -V 
4 sinh Y-t 
where and are terminal voltages and sinh yt is the impedance of 
the link. The voltage can be represented by 
Vg = cosh + I^Zg sinh yi, (57) 
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Therefore equation (56) becomes 
V„ (cosh - 1) + I Z sinh 
4 - Z sinh yl ° (58) 
o 
Simplifying and using the proper identities equation (58) reduces to 
Ip = — tanh Y + h (59) 
o 
If a — r is factored from the right side of equation (59) it can be 
cosh ^  
2 , 
written 
" cosh 34 ( =1 
2 
(60) 
Equation (60) simplifies to 
= Ip cosh ^  (61) 
where is the current flowing at the middle of the line. Since cosh ^  
is independent of load, any reduction of I will result in the same 
percentage of reduction in due to changes in loading. 
The currents flowing at each terminal of a line may also be 
calculated. Vectorially summing the current in the connecting link and 
current in the shunt branch at each terminal will give the harmonic 
current flowing at that terminal. This may result in significantly 
different magnitudes of currents at each terminal of the line. The fifth 
harmonic currents for all element models of system I which are connected 
to bus one are shown at various locations in Figure 9. 
Table 6. Harmonie current in per unit flowing on lines connected to bus 1 of system I without 
loads being represented 
Harmonic Order 5 7 11 13 17 19 23 25 29 31 . 35 37 
Line 1-2 .281 1.37 .079 .061 .016 .039 .115 .130 .179 .118 .031 .036 
Line 1-3 .202 1.22 .101 .049 .014 .012 .040 .010 .042 .046 .011 .008 
Line 1-4 .268 .769 .202 .174 .044 .067 .058 .057 .215 .266 .123 .041 
Line 1-6 .468 2.69 .351 .382 .064 .076 .039 ;102 .635 1.12 .036 .022 
Harmonic 
current 
generated 2.97 1.88 .791 .487 .144 .103 .141 .143 .109 .082 .033 .028 
Table 7. Harmonie current in 
represented 
per unit flowing on lines connected to bus 1 of system I with loads _ 
Harmonic Order 5 7 11 13 17 19 23 25 29 31 35 37 
Line 1-2 .195 .148 .150 .070 .013 .018 .103 .118 .140 .144 .060 .045 
Line 1-3 .325 .267 .155 .055 .007 .004 .009 .004 .021 .030 .020 .016 
Line 1-4 .582 .454 .176 .074 .017 .043 .074 .054 .167 .324 .207 .057 
Line 1-6 .174 .126 .319 .189 .090 .078 .079 .068 .449 1.28 .063 .029 
Harmonic 
current 
generated 2.97 1.88 .791 .487 .144 .103 .141 .143 .109 .082 .033 .028 
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It is interesting to note that in some cases the magnitudes of 
currents flowing on some of the lines exceed the value of harmonic 
current injected by the converter. This amplification of injected 
harmonic current may be more readily seen in Figures 10 and 11. In 
these graphs the amplification of injected current on the four 345 KV 
line models connected to bus one are plotted versus harmonic order. 
For the unloaded case, an oscillatory pattern of amplification for 
various harmonic orders is observed. All four of the lines shown on the 
graphs seem to follow approximately the same pattern through the 
I 
nineteenth harmonic. Beyond that range, however, the amplification 
factors seem to be much more individualistic of each line. 
With system I loaded, the oscillations of the amplification graphs 
are significantly damped for harmonic orders of less than 19. However, 
/ 
the same general trends of increases and decreases in amplification can 
be observed. The diversion from the uniform pattern of line responses 
beyond the nineteenth harmonic is not nearly as severe for this case, 
as it was for the unloaded case. 
2. Lower order harmonics 
Since the current flowing on a line is a function of the impedance 
of that line and the voltage across that impedance, it is interesting to 
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Figure 9. Magnitude of fifth harmonic current in elements connected 
to bus 1 of system I with converter at bus 1 and system loaded. 
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Figure 10. Amplification of current injected into system I at 
bus 1 on lines from bus 1 to the bus indicated with 
the system not loaded 
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observe the voltages across these four lines and the series impedances 
of the lines as they change with harmonic order. Examining Figure 10 
for harmonic orders less than 19, it is observed that for the unloaded 
case the largest amplification of harmonic current occurs at the seventh 
order. Figure 12 shows that for these conditions, the voltage across 
the terminals of the four transmission lines connected to bus one are 
maximums at the seventh harmonic. The voltage across the line connecting 
busses one and six is the largest, approaching a value of .43 p.u. This 
would explain the large amplification of currents on some of the lines 
at this harmonic. It is noted that the voltages tend to follow the 
same increasing and decreasing patterns for frequencies less than the 
nineteenth harmonic. The voltage curves also follow the same patterns 
as the current amplification curves up to the nineteenth harmonic. 
The magnitude of harmonic voltages across the four 345 KV lines 
connected to bus one are shown in Figure 13 for the loaded case. The 
maximum magnitudes of the voltages are much less for the case with load 
representation. Also the patterns of response for the different voltages 
are not as similar as for the unloaded case. Comparing Figures 13 and 
11, it is observed that the amplification curves for the four lines do, 
however, follow the same patterns as the corresponding voltage curves 
for the lower order harmonics. The similarity decreases for harmonics of 
order 19 and larger for this case also. 
It appears as though the harmonic voltage across the terminals of a 
transmission line is an important factor in determining the current 
amplification at the lower harmonics. It was observed 
60 
13 17 19 23 25 
HARMONIC ORDER 
29 31 
246,2% 
V 
35 37 
Figure 12. Magnitude of harmonic voltages between the terminals of 
transmission lines in system I. The lines are between 
terminals 1-2, 1-3, 1-4, and 1-6, and loads are not 
represented 
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Figure 13. Magnitude of harmonic voltages between the terminals of 
transmission lines in system I. The lines are between 
terminals 1-2, 1-3, 1-4, and 1-6, and loads are 
represented 
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that the major amplification of injected current for frequencies 
less than the nineteenth harmonic occurs at the unloaded seventh 
harmonic. These are also the conditions where the largest voltage 
appears across the lines observed. 
It is also interesting to note some relationships between input 
impedances of the system at the converter and voltages across the 
observed lines. The input impedances of the system at the harmonic 
frequencies are plotted in Figure 14 for both the loaded and unloaded 
cases. All the impedances fall into a relatively close cluster with 
the exception of the seventh harmonic for the unloaded case. The 
magnitude of the impedance for this harmonic is well over three times 
the next largest impedance. Since a converter can be represented as a 
constant current source for the characteristic harmonics, the larger 
the input impedance, the larger the harmonic voltage drop across that 
impedance. This also results in larger voltage drops across some of 
the elements composing that equivalent impedance. The harmonic current 
flowing in an element is dependent on the impedance of that element and 
the voltage across it. If there is a large harmonic voltage across a 
transmission line, large harmonic currents are likely to be present. 
Therefore, when the input impedance of a system is very large, large 
harmonic current flow can be expected in some of the elements. 
3. Higher order harmonics 
For harmonic orders of less than 19, it appears that the harmonic 
voltage is the primary factor in determining the harmonic current 
flow. However, it was observed that beyond that order, the voltages 
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across the observed lines play a lesser role in controlling the current. 
As previously mentioned, the current flow is a function of both the 
harmonic voltage and the impedance of the line. Therefore, it may be 
interesting to investigate the series impedance of the four lines as a 
function of frequency. 
Figures 15, 16, 17, and 18 show the series impedances of line models 
1-6, 1-4, 1-2, and 1-3 respectively for the characteristic harmonics present. 
This order places the lines from longest to shortest. Although the extent 
to which each graph extends differs for each line, they all have the same 
outward spiraling pattern. For harmonic orders less than 19, all the 
lines have impedances with positive reactances and resistances. Between 
the nineteenth and twenty-third harmonics, the resistances of lines 1-6 
and 1-4 go to zero and then become negative. This same change in 
resistance happens on line .1-2 between the twenty-fifth and twenty-ninth 
harmonics. With the resistive portion of the impedance going to zero, 
the current amplification of the line model reaches a local maximum even 
though there is no harmonic voltage peak across the line at that 
frequency. 
Referring again to Figures 15 and 16, the reactive part of the im­
pedance begins to decrease as the frequency increases. This continues 
until between the twenty-ninth and thirty-first harmonics for line 1-6 and 
the thirty-first and thirty-fifth harmonics for line 1-4, the reactance 
goes to zero and then goes negative. When this happens, the harmonic 
current flowing on the series impedance is very large. The amplification 
factor for line 1-6 on the loaded case approaches 16. For both lines on 
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which a zero series reactance occurs, the amplification factors at 
those harmonics are significantly larger for the loaded case than for 
the unloaded. This is the opposite of conditions at the lower orders. 
The current flow on those elements of system I which are connected 
to bus one for the characteristic harmonics closest to the resonant 
frequencies of lines 1-6 and 1-4 is also of interest. These harmonics 
are the thirty-first and thirty-fifth respectively. Figures 19 and 20 
show the magnitudes of thc.-ie. harmonic current flows with the system 
loaded at the locations which are directly available from the program. 
In Figure 19, line 1-6 is very near its resonant frequency. The current 
flow on the series impedance of the line model is approximately 15.6 times 
the current being injected by the converter. However, the current at each 
terminal of that line is about one-tenth of the injected current. This 
means that almost all the current is flowing onto the line through the 
capacitance between the middle of the line and one terminal, and flowing 
out through the capacitance of the other half of the line. Since the 
capacitance of each half of the line is the same, the line to ground 
voltage at each terminal must be approximately equal and 180 degrees out 
of phase with each other. The line appears to be open circuited with a 
completely reflected current wave. 
This type of current flow differs significantly from the flo\- of the 
fifth harmonic in Figure 9. There the magnitude of the current increased 
as the distance along the line increased. In fact, this is the case as 
long as the series reactance is increasing with frequency. As the 
series reactance increases, however, the magnitude of the series 
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current approaches the magnitude of the largest terminal current. At 
the frequency where the series impedance begins decreasing in magnitude, 
the series current becomes larger than the terminal currents and 
remains larger through the rest of the analysis. 
4. Variations in system I 
Having observed the characteristics of the system with the converter 
at bus one, it is of interest to learn the effects of moving the 
converter to bus seven, a 138 KV bus. For most harmonic frequencies 
present, at least one of the 345 KV lines carries as much current as any 
other line on the system. This was true for eight out of 12 harmonics 
with load representation and for 10 out of 12 without the loads being 
represented. Two of the six cases where 345 KV lines were not 
carrying the largest harmonic current, lines not directly connected to 
bus seven were carrying the largest flow. Since line? which were 
studied with the converter at bus one carried the largest harmonic 
current for most cases with the converter at bus seven, comparisons to 
the original system were easy to make. In some cases, the amplification 
on these lines was greater with the converter at bus seven than at bus 
one. The amplification curves for lines 1-6 and 1-4 with the converter 
at bus seven are shown in Figures 21 and 22 for the unloaded and loaded 
cases, respectively. It is interesting to note that loading the system 
under these conditions not only damps the amplification curve at the 
lower harmonics, but also at the resonant frequencies. 
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Figure 21. Amplification of current injected into system I at bus 7 on 
lines from bus 1 to the bus indicated with system not loaded 
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Determining the effect of representing loads in the system on 
harmonic current flow was one of the primary purposes of this study. 
For the lower order harmonics, the presence of load seems to signifi­
cantly damp the peak current flows. At the resonant frequencies, 
however, no general observation can be made. With the converter at 
bus one, the addition of load increases the harmonic current flow at 
resonance. With the converter at bus seven, the resonant currents were 
decreased when loads were added to the system. 
A system variation which would be of obvious interest is the effect 
of removing various transmission lines from the network. With the 
converter at bus one, lines were removed from several locations in the 
system. The removal of lines closest to the converter seemed to have 
the greatest effect. Lines relatively remote to the converter had much 
less impact. To illustrate this point. Table 8 lists the harmonic 
current flow on the model of line 1-4 for two variations in the system. 
Also shown is the percentage change in the current flow for the two new 
operating conditions compared to the original system I flows. 
First line 1-6 was removed. The change in line 1-4 harmonic current 
flow from the original conditions ranges as high as a 248.9% increase. 
At almost all harmonics, the change is significant. The second change 
was the removal of three remote 138 KV lines, lines 10-13, 7-25, and 7-12. 
As seen in Table 8, the effect on the harmonic current on line 1-4 for 
all but one harmonic frequency was slight. The change in current flow 
at the seventeenth harmonic was an increase of 27.6 percent from the 
original conditions for this variation. This change, however, is only 
Table 8. Harmonie current flow on line 1-4 with variations in system I 
Harmonie Order 11 13 
Line 1-6 
removed 
Per unit 
current flow .5793 
Percent change 
from full system 
representation .5% 
.4009 .2502 .1606 
13.2% 42.1% 117.9% 
Lines 10-13, 
7-25, and 7-12 
removed 
Per unit 
current flow .5770 
Percent change 
from full system 
representation . 9% 
.4489 .1682 
1.1% 4.7% 
,0685 
7.6% 
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17 19 23 25 29 31 35 37 
.0593 .0589 .0750 .0582 .1842 .3569 .2465 .0660 
.248.9% 35.7% 1.5% 7.0% 10.3% 10.3% 18.9% 16.6% 
.0217 .0416 .0748 .0546 .1673 .3202 .2100 .0567 
27.6% 4.3% 1.2% .3% .2% 1.1% 1.3% .2% 
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11 percent of the effect which was observed with the removal of line 1-6 
at this frequency. It is interesting to note that for both variations, 
the changes in current for the harmonics with orders higher than 19 are 
significantly less than most of the lower order harmonics. 
C. System II 
System I was a small network with a rather large converter on it. 
This made it very useful for observing and analyzing the reaction of 
network elements to the characteristic harmonics generated by an AC/DC 
conversion. System II is a much larger network consisting of 92 busses. 
It contains both twelve pulse converters of a DC link rated at 100 MW and 
+ 100KVDC. The converters are placed at 138 KV busses which are 
physically close but not directly electrically connected. This system 
will be helpful in determining the reaction of a large interwoven 
network to multiple medium sized converters. 
1. Influence of converter size and location 
The system was analyzed both with and without loads being 
represented. It was found that only at the lower order harmonics were 
the harmonic currents large enough to cause concern. The magnitude of 
currents flowing in the network elements for harmonic frequencies 
greater than the twenty-fifth harmonic were less than one-tenth of one 
percent for all but a few exceptions. The current flow for these few 
exceptions was found to be less than one-half of one percent. This 
could be a direct result of the smaller converters used in system II 
and, therefore, smaller harmonic currents being injected at the 
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converters. A large amplification of a very small Injected current 
could still result in a small harmonic current flow. 
It is important to note the locations of the converters relative 
to the rest of the system. The inverter and rectifier were placed in 
the middle of the 138 KV network. Most of the 138 KV transmission lines 
are relatively close to at least one of the converters. The EHV trans­
mission lines lie on the outskirts of system II. These lines are, 
therefore, relatively remote to the converters. In several of the 
cases studied, however, the largest harmonic current flow in the system 
was on a 345 KV transmission line. Table 9 shows the largest harmonic 
current flow on a 345 KV line model and a 138 KV line model for harmonic 
orders of 11, 13, 23, and 25. Of the cases shown in Table 9, a 345 KV 
line carries the largest current in 38 percent of the cases. 
The magnitudes of the currents flowing on the lines of system II 
with the exception of the eleventh harmonic are all less than one 
percent for both the loaded and unloaded cases. Three lines in system 
II reach resonant frequency at less than 2.4 KHz. However, the 
combination of small injected current and the relative proximity of the 
actual resonant frequency and the closest harmonic frequency present, 
prevent the presence of any extreme current flows on these lines due to 
this resonance. 
2. Effects of loading 
Also of interest is the fact that loading system II had no universal 
effect on the harmonic current flow on the lines. Sometimes it increased 
Table 9. Largest harmonie current flow on a 345 KV line and a 138 KV line in system II 
Harmonic Order 1 13 23 25 
345 KV line 28-37 17-19 19-30 17-19 
per unit current .0566 .0051 .0054 .0015 
System not loaded 
138 KV line 80-166 80-166 99-147 99-147 
per unit current .1478 .0072 .0035 .0017 
345 KV line 17-19 28-36 19-30 17-19 
per unit current .0094 .0080 .0067 .0016 
System loaded 
138 KV line 80-166 80-166 99-147 99-147 
per unit current .0188 .0077 .0039 .0019 
81 
the current flow and sometimes it decreased it. In all cases except 
the eleventh harmonic which will be discussed later, it had no drastic 
effect. Adding load did cause a change in all the currents, but the 
effect was never enough to raise the current flow to near one percent 
for these harmonics. 
The largest harmonic current flow for system II occurred at the 
eleventh harmonic with the system not loaded. With these conditions, 
the current flow was relatively large throughout the system. The 
largest flow was on a 138 KV line which was close to the converter at 
bus 100. This line connected busses 80 and 166. The flow on the line 
for the unloaded case exceeds fifteen percent at one terminal. 
When loads were added to the system, the harmonic current flow on this 
line dropped to two percent at that terminal. The current on line model 
80-166 and on other elements in the immediate proximity are shown in 
Figures 23 and 24 for the unloaded and loaded cases, respectively, 
in Figures 23 and 24 for the unloaded and loaded cases, respectively. 
While the addition of load did not result in a reduction in eleventh 
harmonic current on all lines, the larger current flows of one percent 
and greater were significantly damped. 
3. Input impedance 
In system I there appeared to be a relationship between larger 
harmonic current flow at lower order harmonics and input impedance. It 
appears that the same relationship is present in system II. The 
magnitudes of the input impedances at busses 99 and 100 for the unloaded 
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system at the eleventh harmonic are much greater than the input 
impedances at any other harmonic for any conditions. These are the 
conditions which also resulted in the largest current flows in system II. 
The input impedances for busses 99 and 100 are plotted in Figure 25 for 
the lower order harmonics present. In each case the eleventh loaded, 
thirteenth loaded, and thirteenth unloaded impedances have approximately 
the same magnitude. The unloaded eleventh input impedance, however, is 
shown to be significantly larger. It is interesting to note that when 
the system is changed from unloaded to loaded, the input impedance at 
bus 100, the converter bus which is very close to line 80-166, decreases 
by a factor of 7.9. At the same time, the current on line 80-166 
decreases by a factor of 7.7. This would seem to reinforce the earlier 
observations closely relating input impedance and harmonic current flow. 
D. Discussion of Results 
From the results of the two systems studied, it appears that 
harmonic current flow on system transmission lines can exceed the current 
injected by a converter at any frequency. At lower order harmonics, the 
current flow seems to be associated with the magnitude of the input 
impedance at the converter for that frequency. When graphed, the input 
impedances tend to cluster in the right half of the impedance plane 
within some boundary of the origin. If a frequency happens to have an 
input impedance whose magnitude is several times greater than this 
boundary, then large harmonic voltages and currents may be expected on 
some elements of the system. 
85 
20 
10 
0 
-10 
-20 
-30 
Ci 
-40 
UJ (_) 
z -50 
< H- -60 O 
< 
-70 UJ 
cc 
-80 
-90 
-100 
-110 
-120 
-130 
0
 1 
-150 
kl3 
H 1 1 1 1 1 
10 20 30 4 0 50 60 
.,3RESISTANCE a 
UJ 
o 
Z 
g 
< 
UJ 
cc 
xll 
20 
10 
0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 
-100 
-110 
-120 
-350 
-360 
-370 
10 20 30 40 50 60 
RESISTANCE Û. 
- 13 
13 
xll 
(a) (b) 
(a) Input impedance at bus 99 
(b) Input impedance at bus 100 
Figure 25. Input impedance of system II with converters at busses 99 
and 100 with (•) and without (X) loads 
86 
As the harmonic frequencies increase, the magnitude of the injected 
current decreases. Therefore, in order to obtain a large harmonic 
current flow at the higher orders, the amplification of injected current 
for a line would have to be very large. It was found that this happens 
when a transmission line reaches a resonant frequency. Only lines with 
very large shunt capacitance resonate at less than 2.4 KHz. Therefore, 
cables and EHV lines are the most likely to carry larger higher order 
harmonic currents. However, even if a line does resonate at less than 
the fortieth harmonic, this is no guarantee that a large harmonic 
current will flow. If the resonant frequency of the line is not near a 
characteristic harmonic frequency of the converter, then the fact that 
the line resonates at less than 2.4 KHz may have little or no effect on 
the harmonic current flow. This is a very possible situation since 
600 Hz. separate each set of characteristic harmonics of a twelve pulse 
converter. \ 
The relative location of the converter to a particular line does 
affect the amount of harmonic current flowing on that line. However, 
greater distance from the converter does not always mean less current. 
This seems to be particularly true of the higher voltage lines. In 
system I, at some frequencies the current flow on some of the 345 KV 
lines was greater when the converter was at bus seven than it was with 
the converter at bus one. In system II, at several frequencies, the 
largest current flow was on a 345 KV line which was relatively distant 
from the converter. 
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Changes in the network, such as removal of a line, can also affect 
the harmonic current flow on all the transmission lines. The effects of 
the changes seem to be felt most when the input impedance of the system 
is significantly altered. Otherwise the effects are only minor. In 
system I, the removal of three remote 138 KV lines had very little 
effect on the input impedances or the current being carried by the 345 KV 
lines connected to the converter bus. However, removing one of these 
345 KV lines altered the current carried on almost all the lines in the 
system for the lower frequencies. Of course, removing a 345 KV line 
which was directly connected to the converter bus significantly changed 
the input impedance at most frequencies. At the higher frequencies, 
however, the removal of this 345 KV line had much less effect on the 
current flows. This might possibly be explained by examining the 
current flow on the line as it approaches resonance. As explained 
earlier, when the resonant frequency is approached, most of the current 
on the line enters through the capacitance on one half of the line and 
leaves through the capacitance of the other half. Therefore, at 
resonance, almost no current is entering the line from the system or 
leaving the line into the system. For frequencies near its resonance, 
the line looks almost like an open circuit to the system. However, with 
the line removed, there are some changes in harmonic voltages at each 
terminal, and therefore, some small changes in current flows do result. 
The determination, if load representation was necessary in this 
type of harmonic study, was one of the objectives of this investigation. 
Near resonant frequencies, the addition of loads to the system does 
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affect harmonic current flow. The effects at these frequencies, however, 
do not seem to be easily predictable. For instance, the location of the 
converter will influence the changes due to load representation. In 
system I, with the converter at one location, the addition of load 
increased current flow at these frequencies, while with the converter 
at another location, it resulted in a decrease. 
At lower frequencies, which are not near the resonance of system 
transmission lines, the effects of adding loads are again varied. 
While the addition of load can result in either an increase or decrease 
in harmonic current flow, some general observations can be made. When 
the current flow on a line was less than 50 percent of the harmonic 
current being injected at the converter, loading the system resulted in 
only a moderate change in current for that line. However, if the 
unloaded current on a line was a relatively large local maximum, 
loading resulted in a significant damping of that current. 
The inclusion of load representation as modeled for this study 
definitely does effect the critical harmonic current flows on trans­
mission lines in the system. The problems associated with these current 
flows at the lower harmonics seem to be diminished because the largest 
peaks are reduced in magnitude. At the higher order harmonics, the 
effects while definitely present are not predictable. 
If the currents flowing on a transmission line are changed, then 
the harmonic voltages at the terminals of that line must also change. 
When the harmonics voltage at a terminal changes, then the current on an 
element connecting that terminal and another bus, such as a transformer. 
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or ground, such as a generator, must also change. Therefore, any 
variation on system conditions which result in changes in transmission 
line harmonic current can be expected to affect the current flow in 
other elements similarly. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 
Although the use of DC transmission is still restricted, its 
applicability to many select problems of the present power grid 
indicates a bright and expanding future. The great potential of DC 
lies in its ability to complement the existing AC system, rather than 
competing with it. With this premise, it is necessary to determine all 
the effects the application of DC transmission will have on the present 
AC network. The flow of harmonic currents in the elements of the AC 
system due to the AC/DC conversion process is one of these effects. 
This dissertation attempts to investigate the response of elements 
and the system as a whole to injected characteristic harmonics and to 
provide a method of analyzing the problem. Models of the AC network 
elements for the frequencies generated have been developed in this 
study. A method for incorporating these models into a modified bus 
impedance matrix has also been presented. This matrix having been 
constructed, the currents and voltages in the AC network and the input 
impedances at the converter for the harmonic frequencies are obtainable. 
From results of studies done on the two systems described in this 
investigation, some conclusions about the AC system and the harmonic 
currents flowing in it can be made. 
1. The input impedance at a particular harmonic frequency had a 
very large magnitude compared to the input impedances at the 
other harmonic frequencies. This was verified in both systems 
studied. In general the input impedances were found to cluster 
near the origin in the right half of the impedance plane. 
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However, for these two cases the magnitude of the input 
impedance was several times the next largest impedance. In 
both cases, large harmonic currents were found to flow in the 
AC system. Therefore, if there is a large input impedance for 
a system at some harmonic frequency compared to the input 
impedances at the other harmonics, large current flows may be 
expected for that harmonic. 
It was found that the removal of transmission lines from the 
system significantly effects the current flows on other lines 
çnly when the lines which are removed have a large effect on 
the input impedances of the system. The removal of three 
remote lines in system I had very little effect on the harmonic 
current flows. However, the removal of one line very near the 
converter had a significant effect on the harmonics. 
The results indicate that transmission lines with large shunt 
capacitances can reach a resonant frequency at less than the 
fortieth harmonic. When this occurs, the possibility for very 
large harmonic currents to flow on that line exists. Therefore, 
cables and EHV lines may carry large harmonic currents as the 
frequency approaches the upper portion of this study's 
frequency range. 
The location, size, and pulse number of the converter can 
play a significant part in determining where and if a harmonic 
problem may result from a DC installation. In system I, it 
was observed that the location of the converter affected the 
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current flowing on the elements of the system. However, the 
effect is not easily predictable. Greater distance from the 
converter does not necessarily mean less harmonic current. 
The size of the converter directly affects the magnitude of 
the current injected into the system acid consequently affects 
the harmonic current flow on each, element. . The pulse number 
determines which harmonics are present. If the resonant 
frequency of a line is not near a generated harmonic frequency, 
the resonance of that line may have little effect. 
It is clear from this study that the representation of loads 
has an effect on the critical harmonic current flows. At the 
lower harmonic orders in both systems, the addition of loads 
reduced the larger harmonic currents significantly. For the 
higher order harmonics, the currents were changed, but the 
effect was not universal for all the cases studied. Perhaps 
this could be explained by analyzing the reflected wave of a 
line as load is added. The transmission line model used makes 
currents at three points along the line available. Adding load 
will change the equivalent termination of each line, so the 
magnitude and phase of the reflected wave will also change. 
Therefore the point on the line where the maximum current occurs 
may also be shifted. This could result in a small change in 
current flows at the locations on the line being sampled, with 
no change in the maximum current flow. This could account for 
those lines which do not have large current flows responding 
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seemingly unpredictably with either slight increases or 
decreases in current flow when the system was loaded. However, 
it should be noted that at the frequencies where large currents 
flowed at all three observable points on the line, the currents 
at all three points were significantly reduced by the addition 
of load. 
Incorporating DC links into a system requires the careful review of 
certain criteria in both the planning and operating stages in order to 
adequately deal with the harmonic problem. The magnitude of harmonic 
current flows at various frequencies on system lines may be a deter­
mining factor in which harmonic filters to install at the converter. 
This analysis should also be made with future system expansion included. 
Filter effectiveness under varying conditions may also result in 
operating limits being placed on the DC link under certain conditions. 
As an extension of the work done in this study, the following areas 
seem worthy of further investigation. 
1. The determination of the magnitude of injected harmonic current 
was carried out under the assumption that the resulting 
harmonic voltage did not significantly effect the AC voltage 
at the converter. While this seems reasonable, it need not 
always be true. Iteratively incorporating the change in AC 
voltage and the resulting changes in the harmonic current 
injected would be of interest. 
2. The effectiveness of large harmonic filters can vary signifi­
cantly under different conditions. An investigation detailing 
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this phenomenon and determining the range of effectiveness for 
various conditions would be helpful. 
Due to the lack of information available on load representation 
at harmonic frequencies, the load model used in this study was 
by necessity a first step approximation. The use of this 
model did reveal the importance of load representation in 
harmonic studies. Therefore, the improvement and testing of 
load models for this type of study deserves particular 
attention. 
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X. APPENDIX A 
Determination of Harmonics Injected 
and Calculating Their Magnitude 
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F C R M A T C I X X X  H A R M O N I C S  C F  O R D E R *  ,  1 6 . /  )  !  
L A S T  L I N E  D A T A  C A R D  M U S T  B E  J P = 9 9 9 9  _  !  
CALL LINEIN(I P . I Q .ICT,R#X.NO.NLB,NBE»&2»&500) i  
CALL CRDER(I P»IO»NLB»J P 1 » J P 2 , K P l » K P 2 ,ISC.ILC»I B O»&4»&500) ! 
CALL ZBUS(IP.IQ.R.X.ILCfIBO»ISC. R B t S«XBUS»RL»XL.NBE.S6.&500) 
C A L L  H / > R M 1 { I P , 1 Q . I C T  .R ,  X  .  K P l  ,  K P 2  ,  N B ,  N B E  »  J P  1  ,  J P 2  .  I S C  t R B U S  .  X B U S » R L ,  _  
l X L » e 7 . £ 5 C 0 )  
7  C C N T  I  N U E  ;  :  :  ,  .  
2 7  C O N T I N U E  i  j  j  
1 0 6  C O N T I N U E  ;  — .  —  — i  — . — —  —  —  -  —  — —  —  —  
5 0 0  S T C P  ;  i  '  !  
E N D  '  I  '  1  
200 
202 
201 
1 C 7  
2 
4  
6 
100 
XI. APPENDIX B 
Adjustment of 60 Cycle System Data 
and Building Harmonic Order Models 
S U B R O U T I N E .  L  I N E I  N  <  I  P  ,  I  Q  »  I  C T .  R ,  X  »  N B  , N L  B  , N B E  »  * »  *  )  J  
I M P L I C I T  I N T E G E R * 2 ( I - N )  
I N T E G E R * 4  I R D t I W T » N E X , N E L » N B H , N B S • N B X , M S . I  D S N * I W  
C O M P L E X * a  D 1 , D 2 » D D 1 , D D , C Z 1 , D Z , D E » D S H , D C H . D Y S . D Z S » C M P L X « C S Q R T . C E X P  
C C M P L E X * 8  D T l , D T 2 , D T 3 » C 1 f Z  _  .  .  .  
C C M M C N  / K l / I R C . I  V i T ,  I W ,  I C S N  
C C M M O N  / K L / N E X . N E L  
C C V M C N  / K H / N E H . N B S , N B X , N S . N L R  ;  
C C M M O N  / E A S E / L L L  , J  J  J  J  .  _  . .  _  _ l  .  
C I M E N S I C N  I P { N E X ) . I G ( N E X ) , I C T ( N E X > . R ( N E X ) , X ( N E X )  
D I M E N S I C N  N R { N f l H ) , N L B ( h B X ) » N B E ( N B X )  
D I M E N S I O N  R D N ( 4 7 5 . 7 ) , I f i C N ( 4 7 5 , 5 )  
N E X  =  M A X I M U M  N U M B E R  O F  L I N E S  ! — =  ,  :  
N E L  =  N U M B E R  C F  L I N E S  ,  i  
N B H  =  L A R G E S T  B U S  N U M B E R  i  
N B S  =  N U M B E R  O F  B U S E S  I  !  j  |  
N E X  =  M A X I M U M  N U M B E R  O F .  B U S E S  -  _ J .  .  
I P ,  1 0 ,  I C T  =  A R R A Y S  C O N T A I N I N G  B U S  A N D  C I R C U I T  N U M B E R S  
R ,  X  =  A R R A Y S  C O N T A I N I N G  I M P E D A N C E  
N B  =  A R R A Y  C O N T A I N I N G  C C N V E R S I G N  O F  E X T E R N A L  T O  I N T E R N A L  B U S  «  
N B E  =  A R R A Y  C O N T A I N I N G  C O N V E R S I O N  O F  I N T E R N A L  T O  E X T E R N A L  B U S  t f  
N L B  =  A R R A Y  C O N T A I N I N G  T H E  N U M B E R  O F  L I N E S  T O  A  B U S  
N E S = 0  
N E L = 0  ,  
N L R = o  i "  I 1 I ; ; 
C O  1  1 = 1 , N B H  :  ' : I I I 
1  N E ( I ) = 0  ;  i  .  i  '  !  
2  N L E ( I ) = 0  !  !  i  •  
1  N E 1 = N E L + 1  i  :  
I F ( L L L o G T o l ) G O  T O  3 0 0  I 
R E A C ( I R D . l 0 0  0 , E N D = 5  0 ) K J . K J P , K J Q , K C T , R R 1 , X X 1 , X C 1 , R R O , X X O . X C O . K K , X L M  
R R  1 = R R 1 / 1 0 0 . 0  
X X 1 = X X 1 / 1 0 0 . C  I  
X C 1 = X C 1 / 1 0 0 . 0  ;  .  1  
R R 0 = R R C / 1 0 0 o 0  '  _  -  .  - - - -  _  - •  -  . -  -  —  —  -  —  
x c 0 = x c 0 / 1 0 0 . 0  ;  '  I  
I R 0 N ( N E 1  , 1 )  =  K J  I  I  i  !  '  
I R D N C N E l  , 2  ) = K J P  ,  !  
I  i j N  (  E 1  ,  ^ 5  )  '  —  - .  —  •  —  —  - •  • — —  —  -  —  •  - •  *  —  " •  -  —  —  — ^  "  
I R D N ( N E 1  , 4 )  =  K C T  ' '  
.  I R D N ( N E 1  , 5 ) = K K  ,  j  ,  j  j  '  :  -
R D N ( N E 1  ,  1  ) = R R 1 ;  
PDN(NE1 ,2)=XX1 i  
R 0 N ( N E 1 . 3 ) = X C 1  
P C N ( N E 1 . 4 ) = R R 0  |  
F D N ( N E 1 . E ) = X X 0  I 
PONlNEl te )  =  X C O  _J  
P C N ( N E 1 f 7 ) = X L M  |  
GO TO 2C1 ; 1 • 
300 KJ=IFDN{NE1•1) i 
K  J P = I R D N ( N E 1  , 2 )  L _  
K J Q = I R D N ( N E 1 , 3 )  '  
K C T = I R D N ( N E l  . 4 )  
K K = I R C N ( N E 1 . 5 )  i  
KR1=FCN{NE1,1) L_ 
> X 1 = R 0 N ( N E l . 2 J  i  
X C 1 = R 0 N ( N E l . 3 )  I  
f i R 0 = K C N ( N E 1 . 4 )  i  
>XC=RDN(NEli 5) : i__ 
X C 0 = R C N ( N E 1 » 6 >  
X L M = R D N { N E 1 . 7 )  i  
3 0 1  I F ( K J P - 9 9 9 9 ) 1 5 0 . 1 5 1 , 1 5 0  I  
1 5 1  J P = K J P  L „  
GO TO 134 I 
150 IF(1DSN-1)101»106.141 
141 IF(IOSN-2)110.110, 112 j 
1  C  1  B =  1  .  0 . . .  .  I  
hT=FLCAT(IV«) i 
C————— — —IS HARMONIC ZERO SEQ* 
1 C 7  A = 3 . C * B  
IF(\»T/^-l«0) 1C5,_106, 105 _ 
105 B=8+1.0 
I F(e- 1 4 o 0 ) 1 0 7 . 1 0 8 ,  1 0 8  i 
C ~ — I  S  H A K M C N I C  N  E G  *  S E Q »  
A  X  O  -s «  ——.  — I  — —  •-  — *  •  -  - "  
1 1 1  / > =  ( 3 . 0 * 8  > - 1 . 0  !  I  
I F ( 1 & T / A - 1 .  J )  1 0 9 . 1 1 0 , 1 0 9  I  
1 0 9  E = B + 1 . 0  !  
I F ( B - 1 4 . 0 )  1 1 1 , 1 1 2 , 1 1 2  1  —  _  
1 1 2  I D S N = 3  1  !  
C — — — — —  — — — — H  /  R  M O  N I  C  I S  P O S . S E Q .  
C  W H A T  I S  E L E M E N T  j  
I F ( K J - 2 ) 1 1 3 .  1 1 4 ,  1 1 5  J  ,  ,  
C — — — — — — — — — — P C S .  +  N E G .  S E O .  T R A N S M I S S I O N  L I N E  
1 1 3  I F ( K K . G T . 2 0 ) G O  T C  2 1 0  
8 1 = 4 7 . 6 1  !  I  
G O  T O  2 1 8 .  '  
2 1 0  I F ( K K . G T . 3 0 ) G C  T O  2 1 1  
B I = 1 3 2 , 2 5  
K K = K K - 1 0  L  .  
2 1 1  
212 
2 1 3  
2 1 4  
2 1 5  
2 1 6  
2 1 7  
2 1 E  
2 0 4  
2:9 
1 16 
G O  T O  2 1 8  .  -
I F ( K K o G T o 4 0 ) G C  T C  2 1 2  
0 1 = 1 7 4 . 2 4  
KK=KK-20 
G C  T C  2 1 8  _  .  
I F ( K K . G T . 5 0 ) G C  T O  2 1 3  
8 1 = 1 9 0 . 4 4  
K K = K K - 3 0  
G O  T O  2 1 6  .  -
I F ( K K . G T . 6 0 ) G Q  T O  2 1 4  
B I = 2 5 Ç . 2 1  
K K = K K - 4 0  
G O  T C  2 1 8  '  
I F ( K K . G T o 7 C ) G C  T O  2 1 5  
E I = 5 2 9 . 0 0  
K K = K K - 5 0  
G O  T O  2 1 8  . .  .  .  
I F ( K K . G T . 8 0 ) G O  T O  2 1 6  
B I = 1 1 9 0 o 2 5  
K K = K K - 6 0  
G C  T O  2 1 8  
I F ( K K . G T o 9 0 ) G C  T O  2 1 7  
BI=25C0.C3 
KK=KK-70 
G C  T C  2 1 8  _  .  _  
B I = S £ 5 2 o 2 5  
K K = K K - 8 0  
R 6 0 = R R 1 * B I * ( K K - 1 0 ) / X L M  
PCC=R60 . 
F  =  6 0  «  0  
C C N = O o  0  
G O  T C  2 0 3  
R l = R R 7 * R D C * X L M / { B I * C  K K - 1 0 ) Î  
C C N = 1 » 0  
F 1 = F  
F=60oC 
G C  T C  2 0 3  .  ^  .  
X L = X F * X L M / B I  
Y C = V i i T * X C l  
G  0 = 0 • 0  
C 1  =  C M P L X ( R 1 .  X L  )  . _ _ 1  
D 2 = C M F L X ( G O . Y C )  
C C 1 = D 1 * D 2  
C D = C S G K T ( D D I )  :  
C Z 1 = D 1 / D 2  .  .  
C Z = C S Q R T ( D Z l )  I 
D E = C E X P ( D D )  !  
D S H = O o 5 D O * ( O E - l « O D O / D E )  !  
C C H = 0 . 5 D 0 # ( D E + 1 . O D O / D E )  
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4 
I 
C M o L O A D S  I  
4 4 6  F M C T = 0 . e * R R l  !  
P R E S = : . 4 * R R 1  i  
G O  T O  4 4 8  !  1  
~ ~ ~ I  N D U S T  « L O  A D S  _ i  
4 4 7  F M C T = C o 7 * R R l  ,  |  
P R E S = 0 . 3 * R R 1  1  
4 4 S  > 0 N E = X X 1 / ( 4 « 6 4 * ( F M 0 T « * 2 + X X 1 * * 2 ) )  
X C N E = X C N E * W T  „  „  .  
R h E = l . 0 3 / ( 0 . 0 3 * R R 1 )  ,  
C  A S S U M E  S I L I C C N  S T E E L  W /  3 / 1  H Y S / E D D Y  
K h E = < 3 . 0 « R H E / ( W T * 4 . 0 ) ) + { R H E / ( 4 . 0 * W T * * 2 ) >  
f i E C M = < X C N E * * 2  ) * R h E y {  R H E ^ * 2 + X O N E * * 2 }  
X E C M = (  ( f ; h c * * 2 ) * X C N E / ( R I - E * * 2 + X 0 N E * * 2 )  ) + X O N É  i  
R E S = l o C / P R E S  j  
C E C = ( R E C N + R E 5 ) * * 2 + X E G M * 4 2  '  '  
R E C N = ( R E S * * 2 * R E Q M ) + ( K E C N * * 2 * R E S ) + ( X E Q M * * 2 * R E S )  
X E C N = X E C N * R E S * * 2  
f!ec=f:ecn/deq 
XEQ=XECN/DEQ 1 
A S S I G N  V A R .  T R A N S N I S S I C N  L I N E :  
M  =  0  j  I  
I F ( M - 1 ) 1 3 1 , 1 3 2 , 1 3 3  i  
J P = K J P  _  ^ . . .  J  J 
JQ=KJQ 
J C T = K C T  1 i 
;  R R = R S 1  1  !  
G O  T O  1 3 4  i  
:  1 3 2  J P = K J P  ,  j  .  
J Q = 0  '  
R R = R S 2  ; ! I : 
i  X X = X S 2  1  ;  i  :  
G C  T O  1 3 4  I ; j 
J C - K J Q  ' I  
:  J C T = K C T  
R R = R S 2  
.  X X = X S 2  .  i  
G O  T O  1 3 4  
G — A S  S  I G N  V A R o  
120 M=2 
J P — K  J P  —  
J O = K J G  
J C T = K C T  
R R = 0 . 0  
. .  X X = X G 1  '  
L O S S E S  
1  1 7  
1 3 9  
1 2 1  o 
I 
G E N E R A T O R S  
G O  T O  1 3 4  
— — — — — — A S S  I G N  V A R m  L O A D S  
4 4 9  M = 2  
JP^KJP _ _ ... jq=0 
J C T = K C T  '  
R R = R E C  
X X = X E Q  _  .  .  
G C  T O  1 3 4  
— —  — — — — — — — A S S I G N  V A R #  T R A N S F C R M E R  
l i s  y=o  
1 4 0  I F { M - 1 } 1 3 5 « 1 3 6 . 1 3 7  
1 2 5  J P = K J P  
J Q = K C T  
R R = C . C  
J C T = 1  .  
X X = X S 3  
G O  T O  1 3 4  
1 3 6  J P = K C T  jq=kjq 
R R = 0 » 0  
J C T = 1  
> X = X £ 2  
G C  T O  1 3 4  '  
1 3 7  J P = K C T  
J Q = 0  
R R = R T 1  
X X = X T 1  
J C T = 1  
G O  T O  1 3 4  
128 M=2 
J P = K J P  _  . . .  „  
J Q = 0  
PR = 0> 0 
J C T = 1  
^  X X = X T 2  :  -
G C  T C  1 3 4  •  
1 2 9  M = 2  
J P = 0  
J  ^3  —  ^  —  —  —  —  -  —  —  —  
R R = 0 . 0  
J C T = 1  
X X = X T 2  !  i  
G O  T C  1 3 4  '  '  
1 3 4  I F ( J P o E Q o 9 9 9 9 l G 0  T O  4 5  
C H A N G E  T O  I N T E R N A L  B U S  
I F ( J P o E Q o J Q ) G C  T C  4 0  
I F C J P o G T . O  ) G 0  T O  1 2  _  
K P  =  0  
numbers 
N L P = N L R - H  i  j  i  i  
G C  T O  1 4  !  I  !  i  
1 2  I F ( J PCG T » N B H ) G C _ T 0 _ 4 0  ! L_ . 
K P = N B < J P )  :  i  !  
I F ( K P . N E , O Î G O  T O  1 3  ;  i  
Î F ( N E S » G E o N D X Î G O  T O  5 5  :  j  j  ;  
N E ( J P ) = N S S  '  :  !  ;  •  !  i  !  
K P = N B S  i  I  :  
NQE(KF)=JP 1 : ' ! i 
1 3  N L B ( K P )  =  N L B C  K P Î  +  l  ,  '  i  J  • 
1 4  I F (  J Q . G T . O  ) G 0  T O  1 5  
K Q = 0  [  
NLF=NLfi+l i ! i i 
1 5  I F ( J Q . G T . N B H Î G O  T O  4 0  ,  !  i  ;  
KG=NB(JQ) i ' i I : 
IF(K0oNE«0)G0 TO 16 I , ! 
I F { N B S . G E . N B X ) G 0 _ T 0 _ . 5 5_I__ : ^ ' l 
N B S = N B S + 1  I  
N E < J C ) = N E S  ,  I  ;  
KC^NBS i I I j 1 
N O E ( K C ) = J Q  . .  '  i  . . .  ;  
1 6  N L E  (  K Û Î = N L B (  K C ) < - 1  '  '  !  i  '  
c K P ,  ko C O N T A I N  T H E  I N T E R N A L  B U S  N U M B E R  -  N O W  S T O R E  T H E  D A T A  !  
1 7  I F ( N E L . G E . N E X ) G 0  T O  6 0  
IP(NEL)=KP ' j I i ' : 
IG(NEL)=KO I i 
I C T { N E L ) = J C T  !  .  ;  1  !  ,  ;  
X(NEL) = XX ! i r " I " j 
I F ( M - 2 M 3 8 , 1  1 , 1 1  !  '  j  !  
4 0  V k R I T E (  l U T . l O O l  )  J P . J Q , J C T . R R » X X  I I I 
.  I E R R O R  =  I  E R R O R S - 1  '  '  !  _ j -
I F ( M - 2 ) 1 3 a , l 1 . 1 1  ;  I  I  
1 2 8  M = M + 1  ,  I  j  i  
I F(KJ-2)139.140,140 I 
.  4 5  I F  (  I E R R C R . E Q . J  ) R E T U R N . I J  ^  j  '  
W R I T E (  i V ï T ,  1 0 0 2 ) I E R R O R  <  :  j  .  
R E T U R N  2  I 
5 0  W R I T E (  i V i T ,  1 0 C 3 Î  ;  ,  
5 5  W R I T E ( I k T . 1 0  0 4 ) N B X  "  i  :  '  i  
R E T U R N  2  :  i  !  !  
6 C  W R I T E  (  U T ,  1 0 0 5 ) N E X  I  |  
1 0 0 0  F O R M A T ( I 2 , 2 1 4 , 1 2 , 6 F i 0 . 4 , I 2 , F 6 . 2 )  
1 0 0 1  F G R M A T (  •  0 * * * _ B L S .  N U M B E R  E R R O R  -  '  ,  2 (  I  4  , _ 2 X  )  ,  1 2  ,  2  (  4 X  ,  F 6 «  2  )  )  
1 0 0 2  F O R M A T ( ' 0 * * *  T O T A L  N U M B E R  O F  E R R O R S  =  * . 1 5 )  )  
1 0 C 3  F C P M A T t ' C * * *  U N E X P E C T E D  E N D  O F  L I N E  D A T A » )  L -
1 0 C 4  F C P M A T ( ' 0 * * *  T O O  M A N Y  B U S E S  -  M O R E  T H A N  ' , 1 4 )  
I O C S  F C R M A T C O * * *  T O O  M A N Y  L I N E S  -  M O R E  T H A N  ' , 1 5 )  
E N D  
Ill 
XII. APPENDIX C 
Preparation of Data to Build the Z Bus 
S U E R O U T ! N E  O R D E R ( I P . I Q , h L 8 , J P l , J P 2 , K P l , K P 2 « I S C , I L O » I B O . * , *  
IMPLICIT INTEGER*2(I-N ) 1 
I N T E G E R  +  4  I R D « I W T . N E X . N E L » N B H • N B S . N B X , M S » I W , I  D S N  
C C M M C N  / K l / I R D . I V i T ,  I W ,  I D S N  
C C M M C N  / K L / N E X , N E L  -  '  
C C M M C N  / K B / N E H , N B S » N B X » M S , N L R  i  
O I M E N S I C N  IP ( N E L >,IQ ( N E L ) . K P l ( N E L ) , K P 2 ( N E L ) , I L O C N E L )  !  
D I M E N S I O N  N L E ( N B S ) , J P l ( N B S ) . J P 2 ( N B S ) . I S C { N B S ) . I B O I N E S )  
C  J P l  =  P O I N T E R  F R C M  E L S  T O  T H E  L I N E  ' F R O M '  B U S  
C  J P 2  =  P O I N T E R  F R O M  B L S  T O  T H E  L I N E  ' T O *  B U S  
C KPL = POINTER FRCM LINE TO THE NEXT LINE 'FROM' BUS 
C KP2 = POINTER FROM LINE TO THE NEXT LINE 'TO' BUS 
C  J P I R .  J P 2 R  = _  P O I N T E R S  F R O M  T H E  R E F E R E N C E  B U S  
C  I S C  =  T H E  O R D E R I N G  S C O R E  O F  T H E  B U S  
C  I B O  =  T H E  B U S  O R D E R  1 | 
C  I L C  -  T H E  L I N E  O R D E R  ,  i  1  
DO 1 1=1,NBS L ' i ! 
JPL(I)=0 i K I i i 
JP2( I)=0 i  i  !  
1 isc{i)=o ; ; i I 
J P 1 R = 0  ! _  •  _ !  _  _  _  . !  
J P 2 R = 0  r ' '  I  
C  C H A I N  L I N E S ;  B Y  B U S  N U M B E R  i  !  
D C  2 9  1 = 1 , N E L  ;  
K P = I P ( I )  :  
K Q = I Q ( I )  I  
K P 1 ( I ) = 0  I  
K P 2 C I ) = 0  I  
I F ( K P , N E . O ) G O  T O _ .  1  3  _  _  
ISC(KQ)=ISC(KQ)+1 
i IF(JP1R.NE.0)G0 TO 10 
JP1R=I 
G O  T C  1 9  •  
1 0  J P = J P 1 R  I  
1 1  J Q = K F 1 ( J P )  '  
I F ( J Q o E Q o a ) G 0  T O  1 2  
JP = JO „ 
GC TO 11 I 
1 2  K P K  J P ) = I  :  :  .  
!  G C  T O  1 9  I  •  
i  -  13 JP=JP1(KP) 
if(jf,ne.o)go to 11 jp1(kp)=i 
l _ 19 if(kcone,0 )go_to__23 _ 
2 9  
C — —  
3 0  
3 1  
3 2  
3 3  
• C — — —  
I 
ISC(KP)=ISC(KPJ+1 
I F ( J P 2 R . N E . 0 ) G 0  T O  2 0  
J P 2 R = I  
G O  T O  2 9  
2 0  J P = J P 2 K  '  
2 1  J Q = K P 2 ( J P )  !  
I F ( J Q « E Q o O ) G O  T O  2 2  
J P = J G  
G O  T O  2 1 .  _ .. J _l. 
2 2  K P 2 { J F } = I  
G O  T O  2 5  
2 3  J P = J P 2 ( K G )  
I F { J P . N E . O ) G O _ T O _ 2 1  _  .  
J F 2 ( K G ) = I  
C O N T I N U E  
C R E A T E  T H E  O R D E R E D  L I S T S  
N L = 0  
M B = 0  ,  i  
M S = 0  
I S C H = 0  
D C  3 3  I = 1 , N B S _  L .  
I F (  I S C (  I  ) - I S C H ) 3 3 , 3 1 , 3 2  i  ;  
I F ( I S C h . E Q . O ) G 0  T O  3 3  '  i  
I F ( N L E ( N ) o G E « N L B ( I ) ) G O  T O  3 3  
N=I _ __ : 
I S C H = I S C ( I )  
C O N T I N U E  
A D D  B U S  N  T O  O R D E R E D  B U S  L I S T  '  
I F ( I S C I - . E O . O ) G O  T O  7 0  
I S C H = I S C H - 1  
M B = M B + 1  i  
M S = M S + I S C H * ( ( M E * ( M B + 3 ) ) / 2 )  
I 8 C ( M B )  =  N  _  I  .  
isc(n)=-9999 
C  C H E C K  F O R  L I N E S  C O N N E C T E D  T O  B U S  
J P = J P 1 ( N )  
5 1  I F ( J P . E C . O ) G O _ T O  5 5  .  ,  
K Q = I C { J P )  
I F ( K Q . E C . O ) G O  T O  5 2  
I F ( I  S C ( K Q )  . L - r . O ) G O  T O  5 2  
I S C t K C  ) = I S C ( K Q )  +  1  
G O  T O  S 3  
£ 2  M L = M L + 1  
I L G ( N L ) = J P  ,  j  
£ 3  J P = K P 1 ( J P )  ;  
G O  T O  E l  !  
5 5  J P = J P 2 ( N )  
5 6  I F ( J P . E Q . O Î G O  T O  6 0  
_  K P = I F ( J P )  
w 
if(kp.eo«dîgo to s? 
if( isc(kp)oltooîgo to 57 
ISC(KF)=ISC(KP)+1 
go to 5g % 
57 *l=%l+1 I 
ilc(ml)=jp i ; 
58 jp=kp2(jp) i ! 
go tc 56 
6 0  I F ( M L . L T  « N E D G O  T O  3 0  |  i i 
P E T U R N  1  I  !  
C  O R D E R E D  L I S T S  A R E  C O M P L E T E  l O B » '  l O L  1 
7 0  U R I T E  (  I b T . l O O O )  .  .  '  
R E T U R N  2  '  
1 0 0 0  F O R M A T ( « O * * *  S Y S T E M  I S  N O T  C O N N E C T E D  T O G E T H E R  
E N D  
I 
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XIII. APPENDIX D 
Assembling the Z Bus 
S U E R O U T I N E  Z B U S ( I P , I Q » R . X , I L O , I S O , I B O R . R B U S . X B U S . R L . X L . N B E , * , * )  f  
I M P L I C I T  I N T E G E R * 2 (  I - N  )  I  
I N T E G E R * »  I R D t l W T . N E X . N E L . N B H . N B S . N B X . M S . M B L S . I W . I O S N  i  !  
C C M M C N  / K l / I K D ,  I V S T . I W ,  I C S N  .  _ J 
C O M M C N  / K L / N E X , N E L  
C C N M C N  / K B / N E H , N B S » N B X . N S » N L R  I  
C O M M O N  / K Z / M B U S  '  
D I M E N S I C N  I P  ( N E D  . I Q ( N E L )  . R ( N E L Î  , X ( N E L )  , I L O ( N E L ) . _  '  
C I M E N S I C N  I B O ( N B S ) , l e O P ( N B S ) , N B E ( N B S ) . R L ( N B S ) » X L < N B S )  
D I M E N S I C N  R B L i S  ( M R U S )  , X E t S (  r ' B U S )  
R B U S  =  R E A L  P A R T  O F  Z B U S  
X O L S  =  I M A G I N A R Y  P A R T  O F  Z B U S  '  .  I  
l e O R  =  B U S  O R D E R  L I S T  W I T H  I N D E X  A S  I N T E R N A L  B U S  N U M B E R  
R L ,  X L  =  L I h K  I M P E D A N C E S  
M B = 0  
D O  1  1 = 1 , N B S  
J = I B C (  I )  i  -  ^  
1  I E C R { J ) = I  !  !  i  •  
R E A D Y  T O  S T A R T  T H E  A L G O R I T H M  
D O  4 0  1 = 1 . N E L  _  
I I  =  I L C ( I )  I  \  '  '  
I P P = I F ( I I )  !  !  ;  
I F (  I P P . E Q » 0 ) G O  T O  2  ;  !  
.  I P P =  I  S C R  {  I  P P  Î  '  .  .  _  „  
2  I C Q = I Q ( I I )  i  i ! 
I F (  I C C . E C . 0 )  G O :  T O  3  •  ;  i  !  
I Q Q = I E C R ( I Q Q )  i  !  I  i  !  i  
3  I F (  I P P . L T o  I Q Q ) G O _  T 0 _ 6 _  I i _ : 
17=100 , I ; '  I i I 
I G Q = I P P  I  i  I  !  ;  
I P P = I T  !  i I ; ! 
T E S T  F O R  B R A N C H  _ O R  A _ L I N K  J _ J  __ i  J  
6  I F ( I O O , L E o M B ) G O  T O  1 5  i  ,  I j 
JJ=(NB*(MO+1))/2 I  I  i  I  
F O U N D  A  B R A N C H ,  T E S T  F O R  R E F E R E N C E  !  '  |  
. . .  I F (  I P P . N E . O )  G O  T O  . 9  i I 
B R A N C H  T O  R E F E R E N C E  !  ! i . 
I F ( M D . G T . O  ) G 0  T O  7  ;  j  i  i  
R B L S ( 1 ) = R {  I I  )  i  i  j  i 
. .  X E U S (  1  ) = X (  I I  )  J _ _  [  j  L  . . _  
M B = 1  ! .  '  ,  ;  i  i  •  :  
G O  T O  4 0  I  •  :  1  I  I  
7  D O  8  J = 1 , M B  ;  .  I  ' I  i  
! : i ! ' L 
R B U S ( J J J ) = 0 . 0  i  j  
1  a  X B I S ( J J J ) = 0 . 0  !  
JJJ=JJJ+1 I I 
_  K B L S ( J J J ) = R ( I I ) _ '  _ J  1 
X B U S (  J J J  > = X (  H  )  i  
j  M B = M B + 1  i i 
G C  T O  4 C  I  ;  i  
C  E K A N C H  T O  A N .  O L D . _ B U S _ j  '  
9  D O  12 j=1.wb j  ;  
jjj=jj+j ; 
I F ( I P P . L T . J ) G O  T C  1 0  
K K = J  +  (  I P F * ( I P P - l ) ) / 2  ^  
G C  T C  1 1  f  !  
1 0  K K = I P F + ( J * ( J - l ) ) / 2  j j  
1 1  R E U S { J J J  ) = R B U S ( K K )  !  i 
1 2  X B U S {  J J J ) = X B U S ( K K )  i _ _  :  
J J J = J J J + 1  j  
K K = J J + I P P  I j 
K B C S ( J J J ) = R B U S { K K ) + R ( I I )  1 
X E L S ( J J J ) = X B U S ( K K ) + X ( I I )  l  
M B = M B + 1  I  :  
G C  T O  4 0  
C  F O U N D  A  L I N K , T E S T  F C K  R E F E R E N C E  
1 5  I F ( I P F o N E « 0 ) G 0  T O  2 0  
C  L I N K  T O  R E F E R E N C E  (  
C O  I C  J = l t M B  
I F ( I C O . L T . J ) G O  T O  1 6  i  
K K = J  +  ( I C C * ( I Q Q - l ) ) / 2  J  
G O  T C  1 7  ;  
1 6  K K = I C G + < J * ( J - 1 ) ) / 2  
1 7  R L { J ) = - R E U S ( K K )  j  
1 8  X L  (  J )  =  - X E U S {  K K  >  . | I 
R L L = - K L ( I Q Q ) + R ( I I >  !  
X L L = - X L ( I Q Q ) + X ( I  I )  ;  
G C  T O  3 0  '  I 
C  L I N K  B E T W E E N  O L D _ B U S S S  _  i  
2 0  D O  2 5  J = 1 . M B  
1 F ( I P P . L T . J ) G O  T O  2 1  ;  
J J = J + ( I P F * ( I P P - l ) ) / 2  
G O  T O  2 2  .  ..J .,J 
2 1  J J = I P P + ( J * ( J - I ) ) / 2  I 
2 2  I F ( l O Q . L T . J ) G O  T C  2 3  j  ;  
K K = J + ( i a Q * ( I 0 Q - l ) ) / 2  
G O  T O  2 4  J 
2 3  K K = I Q Q + ( J * { J - 1 ) > / 2  i  |  
2 4  R L ( J ) = R E U S ( J J ) - R E U S ( K K )  j  
2 5  X L (  J )  =  X E t i S ( J J ) - X E U S ( K K )  '  
R L L = R L ( I F P ) - R L ( I Q Q ) + R ( I I } _  J  
X L L = X L ( I P P ) - X L ( I C Q ) + X (  I I )  L  
c — -  K F C N  R E D U C T I O N  I  ;  
3 0  Z L L = R L L * R L L + X L L * X L L  
IF(ZLL.LT. L.E-50)G0._TC .50 ! 
co 3 2 j=1.mb 
R L J = ( R L L * R L ( J ) + X L L * X L { J ) ) / 2 L L  
_  X L J = ( R L L * X L ( J ) - X L L * R L ( J ) ) / Z L L  
D G  3  1  K = 1 , J  ;  
K J = J J + K  
R U U S ( K J ) = R B U S ( K J ) - R L J * R L ( K ) + X L J * X L ( K )  
Z I  X G U S ( K J ) = X R U S ( K J ) - R L J * X L ( K ) - X L J * R L ( K ) _  _  
3 2  C O N T I N U E  
4 0  C O N T I N U E  
R E T U R N  1  i 
5 0  i p p = i p ( i  u _  j  !  :  
I = N E E ( I P F )  i  1  
I C C = I C ( I I )  I  
J=NGE(lOQ) i 
W R I T E (  I W T , 1 0 0 0 ) I I » I . J  
R E T U R N  2  
1 0 0 0  F C R M A T ( ' 0 * * *  L I N E  N U M B E R  
l U S E D  A  Z L L * * 2  D I V I S O R  I N  
_  E N D  .  
',14.' BETWEEN BUSES 
THE KRON REDUCTION OF 
AND 
•,E12.5) 
14 C A  
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XIV. APPENDIX E 
Calculation of Harmonic Current Flows on System 
Elements and Harmonic Voltages on System Busses 
c——— 
c—— 
C — — —  
.  C - T - _  
701 
_7C2 
7C3 
S U B R O U T I N E  H A R M I ( I P , 1 0 . I C T , R , X » K P 1 . K P 2 » N B , N B E » J P l . J P 2 . I B O R . R B U S , ,  
I X B L S , V R , V I , * , * )  I  ;  
I M P L I C I T  I N T E G E R * 2 ( I - N )  J __L 
I N 1 E G E R * 4  I R D , I W T , N E X , N E L , N B H . N B S . N B X , M S , M B U S . I W , I D S N  i  ;  
N A M E . E E 2 , E E 5 , E E S . E E  1 1 , E E I 5 . E E  1 8  
/ K l / I R D  , I W T . I W , I D S N  j  
/ K L / N E X , N E L  .  
/ K B / N E H , N E S , N B X , V S . N L R  1 
/KZ/MBLS 
/ C D C / C R  
/ B A S E / L L L , J J J J  
I P ( N E L ) . I Q ( N E L ) . I C T ( N E L ) , R ( N E L ) , X ( N E L ) . K P l ( N E L > . K P 2 ( N E L )  
R B U S ( M B U S ) , X E L S ( M B U S )  
I B O K { N B S ) , N O E ( N B S ) , N e ( N B H ) , J P l ( N B S ) . J P 2 ( N E S )  
V R  (  N  B S  )  ,  V  I  (  N  a  S  )  l  1  '  
S V R ( I 3 0 ) , S V I ( 1 3 0 )  ;  i  '  
R E A L * 8  
C C M M C N  
C C M M C N  
C C M M C N  
C C M M C N  
C C M M C N  
C C M M O N  
D I M E N S I O N  
D I W E N S I C N  
D I M E N S I O N  
C I M E N S I G N  
D I M E N S I C N  
J J J = 0  :  !  
I F { L L L . G T . 1 ) G C  T O  7 0 0  
R E A C  ( I R O  . l  0 0 0 , E N D = 9 9 ) J P _ , N A M E , I . 0 P T . P H A  j  
N A M E  =  B U S  N A M E  i  
l O P T  =  O P T I O N :  0  =  A D J A C E N T  B U S E S  C N L Y ;  1  =  A L L  B U S E S  !  
2 . 3  =  C O M B I N E D  A N A L Y S I S  O F  C O N V E R T E R S  2 & 3  
P H A  =  P H A S E  A N G L E  B E % W E E b L _ C ^ U R . R E N T ] S _ F R p i \ L j C q N V E R T E R S _ 2 & 3 J L I S T E D  0 N _ 3 _ _ P N L Y  
I F ( l O P T . G T . l ) G 0  T O  S C O  
I F  (  J  J J . N E . O )  G O ,  T C  7 0 1  
EE1=JF 1 
E E 2 = N A M E  :  
E E 3 = I 0 P T  
G O  T O  7 C 5  
I F ( J J J . N E . 1 ) G 0  T C  7 0 2  
E E 4 = J F  :  
E E 5 = N A M E  
E E 6 = I C P T  i  
G C  T O  7 C 5  i  
I F  (  J  J  J  .  N  E  .  2  > j G O '  T O  . _ 7  C 3 _  
E E 7 = J F  
E E 8 = N A M E  
E E 9 = I C P T  
G C  T O  7 0 5  .  
I F ( J J J o N E O 3 ) G C  T C  7 0 4  
E E 1 0 = J F  
E E 1 1 = N A M E  
. E E  1 2 =  I  O P T  1 
G C  T C  7 0 5  
N) 
O 
I 
7 0 4  E E 1 3 = J F  
G O  T O  7 0  5  )  
_ 7 C 0  I F t  J J  J J . E Q . l  ) G 0  T O  0 0 2  I i 
I F ( J J J o N E . O ) G G  T O  7 0 8  i j 
j F = E E i  :  ;  i  
N A M E = E E 2  
I C F T = E E 3  .  
G O  T O  7 C 5  !  
•  7 C 8  I F (  J J J . N E . l  )  G O ' T O  7 0 9  
J F = E E 4  '  i  ' .  t  I  
'  N A M E = E E 5  I  i  
I 0 P T = E E 6  i  
G C  T C  7 C £  :  j  !  
:  7 C 9  I F j J J J . N E . 2 ) G O ; T O  7 1 0  
N A M E = E E 9  i ! 
I 0 P T = E E 9  ^  i  
G O  T O  7 C 5  
— 7  1 0  I F ( J J J . N E . 3 ) G 0  T O . _ 7 1 . 1  '  
J F = E E 1 0  I  I 
N A M E = E E 1  1  
I 0 P T = E E 1 2  !  
GO TO 7CE _ — _ 
7 1 1  J F = E E 1 3  
7 C 5  I F ( J F o E Q , 9 9 9 9 ) R E T U R N  1  jjj=jjj+ l  
IF{JJJ.GT.4}G0 TC_706 
C O  T O  7 C 7  i  
7 0 6  U R I T E  (  I V » T , 1 0 0 9 >  
JF=999S ! 
G C  T O  7 C 5  .  ,  .  _  
7 C 7  I F ( J F o L E . O o O R o J F « G T « N B H ) G O  T O  9 0  
K F = N E ( J F )  
I F ( K F , E Q . O J G C  T O  9 0  i  
LF=IECP(KF) . ; I 
L L = ( L F * ( L F + l ) ) / 2  !  
R X = R Q L E ( L L )  
X X = X B L I S ( L L )  
2 X = R X * R X + X X * X X  
P H A = P H A / 5 7 . 2 9 5 7 7 9 5 1  
C R = C R * C C S ( P H A )  
C I = C R * £ I N ( P H A )  
V R K = C R * R X - C I * X X _  '  
V I K = C R * X X + C I * R X  
C M O = C R * C R + C I * C I  i  
C f ^ S Q R T C C M O )  i  
I F  (  C R  . E Q  o 0  ,  0  ) G O _ T O .  1 0 0  '  
C A 0 = C I / C R  
C A = A T A N ( C A 0 )  
104 
901 
902 
9 03 
1 CO 
1 0 1  
102 
1 03 
1 04 
904 
9C5 
9C6 
200 
2 0 1  
202 
203 
2C4 
C——— 
9 
10 
20C 
204 
I 
CA=CA*57.25577951 
IF(CR«GT.0.0)G0 TO 
IF(CI)9C1,902,902 
CA=CA-iaO.O 
GO TO 1C4 
CA=iao«o ' 
GO TO 1C4 ' 
CA=CA+ia0o0 ' 
G O  T O  1 0 4  
I F ( C I ) 1 C 1 , 1 0 2 , 1 0 3 _  
CA=-90.0 
G O  T C  1 0 4  
CA=0«0 1 
G C  T C  1 0 4 „ _  ,  
C A = 9 C o C  
\MO=VRK*VRK+VIK*VIK 
VKN=SQRT(VMO) 
I F ( V R K o E C o O « 0 ) G O  T O  
V A O = V I K / V R K  
V K A = A T A N ( V A O >  i  
V K A = V K A * 5 7 . 2 9 5 7 7 9 5 1  
I F ( V R K o G l o 0 « 0 ) G 0  T O  
I F ( V I K ) 9 C 4 « 9 C 5 , 9 C 6  
V K A = V K A - 1 0 0 « 0  !  
G O  T O  20 4  J  I .  
V K A = 1 8 0 . 0  :  '  . — . J  
GO TO 204 i ! ! 
VKA=VKA+180.O i 
GO TC 234 
IF ( V  IK) 2  0 1  , 2  0 2 , 2  0 3  L; L J 
V K A = - 9 0 . 0  i  
G O  T C  2 0 4  ;  t  .  i  
V K A = 0 . 0  ! : I ,. i • 
GC TO 204 ; : \—— J 
VKA=9 0.0 I 
kRITE(IbT,1001)JF,NAME,CM,CA,VKM,VKA 
IF(I0PT.EQ.2)G0 TO 804 
IFdCPT.EQ.3 )GO .TO 805 
IF(IOPT.GT.O)GO TO 30 
C A L C U L A T I C N S  F O R  A C J A C E N T  
VïRITE ( IV>T, 10 02) 
J P = J P 1 ( K F )  '  j  
I F ( J P o E G » 0 ) G 0  T O  1 6  
K P = I C ( J P )  !  
I F ( K P o N E . O ) G O . . T O  _ l i :  i  
VRR=-VPK ; . . i 
VII=-VIK j 
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»H «H «l 
O* 0* 0^ 
4 0 0  
4 C 1  
4 0 2  
4 0 3  
4 C 4  
9 0 0  
16  
1 7  
18 
C — — —  
c—— 
3 0  
3 1  
2 2  
33 
S 1 2  
9 1 4  
9 1 5  
I 
G O  T O  4 0 4  i  !  
I F ( C I L ) 4 0 1 . 4 0 2 . 4 C 3  !  t  !  
C A A = - 9 0 . 0  1  
C  A  A  —  0  •  0  j  
G O  T O  4 0 4  !  i  
C A A = S C o C  
I F  ( N a N E a O )  G O  T 0 _ 9 0 0  —  — J  —  
v Y % = 3 o o  ; i 
V A A = 0 o 0  
W R I T E ( I W T . 1 0 0 3 ) M » V M M . V A A . I C T ( J P ) * C M M » C A A » R ( J P ) . X ( J P )  
I F ( J o E G « 2 ) G 0  T O . 1 8  _  _  _  _  
J P = K P 1 ( J P )  
I F (  J P o N E o O G O  T O  9  i  
J = 2  
J P — J P 2 { K F )  
I F { J P « E Q « 0 ) G O  T O  1  i 
K F = I F ( J P )  
G O  T O  I C  '  
J P = K P 2 (  J P )  . J  
I F ( J P . N E . O ) G O  T O  1 7  ,  
G O  T O  1  i  
C A L C U L A T I C N S  F O R  A L L  B U S E S  
C A L C L L A T I C N S  F O R _ B U £  V O L T A G E S .  
D C  3 3  J = l f N B S  
I = I B C R C J )  
I F ( I , L T . L F ) G 0  T O  3 1  
L L = L F + ( I 4 ( I - l ) ) / 2 _  _J 
G O  T O  2  2  
L L = I + ( L F * ( L F - l ) ) / 2  
V R ( J ) = C R * R B U S ( L L )  
V I  ( J ) = C R * X B U S ( L L )  
\ n R I T E  (  I V i T ,  1  0  3 4  )  
C O  5  0  J = 1 » N B H  I 
K P = N B { J )  I  
I F ( K P o E O . O ) G O _ T O  . 5 0 _  _  
V M 2 = V F ( K P ) * V R ( K P ) + V I ( K P ) * V I ( K P )  
V V y = S C R T ( V M 2  Î  
I F ( V R ( K P ) . E O . O . O ) G O  T O  5 0 0  
V A 2 =  V  I ( K  F ) / V  R  C  K P  )  
V V A = A T A N { V A 2 )  
V V A = V V A * 5 7 . 2 S 5 7 7 Ç 5 1  
I F ( V R ( K P > o G T . O o O ) G O  T O  5 0 4  
I F  ( V I  ( K F  )  )  9 1 3 , 9 1 4 , 9 1 5  _  
V V A = V V A - 1 3 0 . 0  ;  
G O  T O  5 0 4  1 ! 
V V A = 1 8 0 . 0  I  .  !  
V V A = V V A  +  1 8 0 . 0  J _ L 
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U.Q.UOOO u;>>uj>>>-«—^x»-w0(flD:u<*,uQ:t-'u0«H0uQM i uoqcmu • 
-) -> M i<: M II H H II m H II a X a II ii ii u u ii ii ii u u n h ii h- ii h u ii t- ii h n i- s*: 
i|w«iiwa»->o a'M z u:»-« H II II _j jojauw w «t < < <i-)w 
c.u.ou.a:i-«iiuu'-'ilu;'-<xxxD:>-«aiUu.<wuu.u.uDuuuou.<-'QuOuQ:u. 
i-i>^zo>>z>>u:xr^vuuu'-<v/vu'-'M»./ovu)v;VMUwu)u3»-
n 
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o 
w 
o 
>0 
jU I ( W 
i 4^" 
L p o  
1*U H 
;:o' 
,-V9 
invo 
ni'i 
f-
pi OO P) <o r- CO o w cvi p)<j--I «-I w OO o OO 
v> a> 0» toto «u voto 
J P = K P 1 { J P )  I  
I F  ( J P . N E . O  ) G 0  , T 0  . 3 5 _ .  
29 K=2 
JP=JP2(KP) i : i 
lF(JP, ea.J)GO TO 50 I j 1 
. , -  4 0  K Q = I P C J P ) -  - !  '  
G C  T O  3 6  ;  !  i  
4 1  J P = K F 2 ( J P )  I  :  !  
I F ( J P . N E o O Î G O  T O  4 0  1 ^ 
GO TO 1 1 I ; 
C  C A L C U L A T I O N S  F O R  C D  V E I N E D  C O N V E R T E R  A C T I O N  
C  C C N V E P T E R  V O L T A G E S  A N D  C U R R E N T S  
d O O  J J J J — 1  . . .  —  —  
I F { J J J . N E . O ) G O  T C  0 0 1  
E E 1 4 = J F  I 
E E 1 5 = N A M E  i  !  
J J J = J J J + 1  :  :  
G O  T O  1  1  '  ;  
8 0 1  E E 1 7 = J F  ;  I  I  i  
E E 1 9 = I C P T  :  
E E 2 0  =  P t - A  
J J J=0 i  :  
N A N E = E E 1 5  ;  i  ,  
I 0 P T = E E 1 6  ;  '  
P H A = 0 . 0  i  ;  
I F (  J J J . N E .  0 )  G O  T G _ 8 2 0  J J 
G O  T O  7 0 5  '  
8 0 3  J F = E E 1 7  ;  ;  ;  
N A M E = E E 1 8  '  '  i  
P H A = E E 2 0  ~  
G O  T O  7 0  5  I  
8 0 4  L F 1 = L F  !  
C11=CI •' -j I ^ 
GO TO ac3 : i 
8 0 5  L F 2 = L F  '  ;  
CR2-=CR _ ! _ _ 
C I 2 - C I  '  :  r "  
G C  T C  8 0 2  '  i  
C  8 L S  V O L T A G E S  A N D  C U R R E N T S  j  
C R = C R 1  "  "  '  "  ;  ~  '  ' l  
c i=c i i  ;  
_ _  8 3 0  D O  8 3 5  J = 1  , N B S  !  J  
I = I B C R (  J )  ,  J.: ! 
I F { I , L T , L F ) G O  T O  8 3 1  I  
L L = L F + ( I * ( 1 - 1 ) ) / 2  
G O  T O  8 3 2  
8 3 1  L L = I + ( L F * ( L F - l ) ) / 2  J 
8 3 2  V R ( J ) = C R * R B U S ( L L ) - C I * X B L S ( L L )  
V I  ( J ) = C R * X 8 U S ( L L ) + C I * R E U S ( L L )  
I F ( I C P T . N E . 2 ) G 0  T O  8 3 3  
S V R ( J ) = V R ( J )  
S V 1 { J ) = V I ( J )  '  
8  3 3  C O N T I N U E  
I F ( I 0 P T . N E . 2 ) G 0  T O  8 2 1  
L F = L F 2  
C R = C R 2  
C I = C I 2  
I 0 P T = 3  ;  
G O  T O  £ 3  0  
8 2 1  W R I T E ( I W T , 1 0 0 4 )  
DO £50 J = 1 . N Q H  
K F = N Q ( J )  ,  
I F  ( K F . E Q . O  J G O  T O  8 5 0 . .  !  
T V R = V R ( K F ) + S V R ( K P )  
T V I = V I ( K P ) + S V I ( K F )  
V M 2 = T V R * T V R + T V I * T V I  1  
V V M = S 0 R T ( V M 2 )  i  
I F ( T V R . E Q . 0 . 0 ) G 0  T O  1 5 0 0  
V A 2 = T V I / " T V R  
V V A = A T / » N  ( V A 2  )  j  
t V A = V V A * S 7 o 2 Ç 5 7 7 9 5 1  '  
I F ( T V R , G T o 0 « 0 ) G 0  T O  1 5 0 4  
I F ( T V I ) Ç 1 9 , 9 2 3 , 9 2 1  
9 1 9  V V A = V V A - 1 8 0 . 0  
G O  T O  1 5 C 4  ;  I  
9 2 0  V V A = 1 8 C o O  
G O  T C  1 5 0 4  :  !  
9 2 1  V V A = V V A + 1 3 0 . 0  I I 
G O  T O  1 5 0 4  i  
1 5 0 0  I F ( T V I ) 1 5 0 1 , 1 5 0 2 , 1 5 0 3  |  
1 5 0 1  V V A = - 9 C o C  I 
G O  T O  1 5 0 4  !  
1 5  0 2  V V A = O o C  :  L  
G O  T O  1 5 0 4  :  i  
1 5 C 3  V V A=gC. O  ! I 
1 5 0 4  W R I T E t  I V i T , 1 0 C 5 )  J , V V M , V V A ;  
J P  =  J P 1 { K P )  I 
I F ( J P a E Q . O ) 0 0  T O  8 3 9  
835 KG=IC(JP> I 
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G O  T O  1  I  •  •  
99 WRITE(ItaT.lOOa) 
1000 fcfmat(ix»i4,a7ti1.f10.2î 
1 0 0 1  F O R M A T C ' O * * *  C C N V E R T E R  A T  B U S  • . 1 4 , 3 X , A T , 3 X O H A R M O N I C  C U R R E  
I N T  =  • , F 1 0 o 4 , »  M A G  ' , F 1 0 « 2 , '  A N G  ' , 1 0 X , '  H A R M O N I C  V O L T A G E  =  » .  
2 F i 0 . 4 , '  V A G  ' , F 1 0 « 2 , '  A N G  ' )  
1 0 0 2  F O K M A T C  C *  « 1  1 X « ' A D J A C E N T  A D J A C E N T  B U S  V O L T A G E  C I R C U I T  C U R  
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